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ABSTRACT 
Three micro-samplirg techniques ·~or inductively coupled plasma mass 
spectrometry (lCP-MS) have been developed for geochemical studies of tracp. 
elemer;ts: (1) a solution recycling nebulization system witt, a disoosahlp. spray 
chamber, (2) determination of preci.,us metals in milligmm samples ot slliphio~s 
and magnetite after cation exchange separation using an automated 2 speed 
peristaltic pump speed contro!ler. and (~ " ·n-situ determination of precious 
metals in sulphides using sample introduc~ion by laser ablation of solids . 
With the recycling nebulization system, 0.5 g of sample solution is 
sufficient for 8 minutes of data acquisition. The sensitivity of the recycling 
nebulization system is similar to that of a conventional Scott spray chamber 
!iystf.m. Twenty six trace elements were determined by ICP-MS usinq tour 
internal standards (Ge, In, Re, and Bil to correct for matr:x, instrumental drift, 
and enrichment of the sample solution by evaporolion. The ability to analyze 
mineral separates weighing less than 0.1 mg with detection limits similar to 
conventional procedUi es is demonstrated. Analyses of the geological reference 
materials SY -2, BeR- 1 I W-1, and BR indicate good limits of detection, good 
accuracy and precision, neglinible memory, anJ low consumption of sample 
solution. Results compare well with data reported using Gonventional ICP-MS 
analysis. Analyses of the geological reference materials; PCC-" AL-l, FK-N. 
NBS70a and NBS99a, for 15 Rare Earth Elements (REEl, at ultra-trace 
ii 
concentration levels. using catioll exchange preconcentration are demrlnstrated, 
with solid limits of detection from 0.01 to 1 ng g" (ppbl. and relative standard 
deviations of less than 15% for homogenous samples. 
The Memorial laser ablation microprobe-inductively coupled plasma-mass 
spectrometry (LAM-ICP-MS) if described and applied to the determination of 
precious metals in minerals. though its use in this study is very preliminary. 
Solid limits of detection ra .... ge from 30 ppb to 240 ppb for the preciouc; metals, 
and it provides a useful technique to examine the distributions of precioJs 
metals. particularly the heavy PGE (Ir. Pt) and Au in sulphi-:ies. However. 
serious interferences from base metal-argon polyatomic ions 0,1 Ru. Rh. and Pd 
were observed. 
A method for the Quantitative separation of the precious metals from thl:: 
associated base metals using a cation exchange resin was established. Thl! 
method has been applied to the determination of precious metals in smail 
quantities (2-20 mg) of high purity sulphide and magnetite mineral separates 
using an automated 2 speed peristaltic pump spel~d Gontroller and lep-MS. 
Solid limits of ~:::'~:ction for a 20 mg sample were IHSS than 4 ppb for Ru. Rn. 
Re. Ir. Pt. and Au. and 29 ppb for Pd. due to significant memory. Analyses of 
nickel sulphide fire assay beads of the reference material. SARM- 7. show good 
agreement with certified values. with relative standclrd deviations (RSD) of less 
than 8% for platinum-group elements (PGE). 
iii 
Two Ni-Cu-jPGE) mines - Strathcona and Thayer Lindsley at Sudbury 
were studied for their PGE and rare earth element (REEl geochemistry lIsing the 
micro-sampling t~chniques. 
The distribution of precious metals in the principle ore minerals , ann 
platinum-group minerals (PGM) in the two mines was documented. The 
distribution of Ru, Rh, and Ir indicates that these element are or were 
dominantly in solid sol'Jtion in the sulphides and magnetite. The remarkable 
variations of Pd, Pt, and Au contents in these minerals suggest the presence 
of discrete precious metal phasf!s laler confirmed by electron microprobe 
analyses. Mass balance calculations also indicate that considerable amounts 
of Au, Rh , Pd and Ir are in solid solution in the major ore minerals, whereas the 
rest of precious metals are dominantly in separate discrete phases either as 
minor inclusions in the ore minerals or CIS precious metal minerals which were 
tound at the boundaries of these minE!rals . Study of the Thayer Lindsley Mine 
indicate that there are no appar,ent systematic spatial variations of precious 
metals in the same are minerals from different parts of the ore zones although 
bulk NiS sulphide fire analyses show that the ores from the orebody margin are 
more cnr:ched in Pd, Pt and Au. 
Partition coefficients (Kd values) at ppb to ppm levels of precious metals 
among the major are minerals at the Thayer Lindsley Mine have been 
investigated . Partitioning of Au, Hh, and Ir between these minerals follows one 
iv 
sequence (with decreasing orr.er): pyrrhotite > pentlandite > chalcopyriTe > 
magnetite. Partitioning of Pd, Re, Pt, and Au does not follow this sequence; 
and each is different from the other. Fractional crystallization and subsequent 
e>:solution are mainly responsible for the distribution and fractionation of 
precious metals in sulphides and magnetite. A fractionation model is proposed 
for the explanation of preciou3 metal ore genesis . 
Trace element analyses of the Thayer Lindsley Mine indicate that 
sulphide ores in the footwall granite and in the Sublayer were depleted in 
lithophile trace elements during magmatic sulphide segregation. In comparison 
with ana:yses of the South Range norites which represent the parent magma, 
the Sublayer rocks are enriched in light rare earth elements (lREE) and exhibit 
sligl"tly Eu negative anomalies. whei'eas sulphide ores in the Sublayer and in the 
footwall Murray granite are depleted in lREE and have a strongly Eu negative 
anomaly. The original REE compOSition of the Sublayer magma can be modeled 
from 35% Sublayer rocks and 65% Sublayer sulphide ores. Chondrite 
normalized REE distribution patterns indicate that the massive ores in the 
footwall granite are par:s of a highly fractionated sulphide liquid which was 
expelled from the original sulphide magma along structural weakness into the 
footwall granite. A distinctive REE distribution pattern indicates a hydrothermal 
fluid wa~ involved in the development of the orebody margin. 
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SCOPE AND PURPOSE OF THE STUDY 
1.1 INTRODUCTION 
Scientific revolutions and developments are more and more dependent on 
modern technology. Contemporary analytical techniques are vital tools that 
geochemists frequently u~e for studying the chemistry of the Earth and the 
Universe. Analytical methods developed by pure analytical chemists do not 
always meet the requirements of geochemists who intend to solve very specific 
problems. It is the purpose of this thesis to develop micro-sampling inductively 
coupled plasma-mass spectrometry (lCP-MS) techniques to study a specific 
geochemical problem - the distribution and fractionation of precious metal.; in 
ore zones and ~etween constituent minerals. 
Since the first commercial inductively coupled plasma-mass spectrometry 
(lCP-MS) became available in 1983, the instrument has gained rapid and wide 
acceptance in many analytical laboratories. ICP-MS has been proven to be a 
promising analytical technique, with the potential to be an excellent analytical 
tool in earth sciences (Date and Gray, 1985; Houk, 1986; Longerich et 81_, 
1990; Jenneretal., 1990; Jackson etal., 1990; Longerich, etal., 1993; and 
.... '. 
. . - . 
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Fryer et al., 1993). For geochemical analysis, ICP-MS offers several 
advantages over conventional analytical methods. These include: (11 multi· 
element capability, sensitivity and speed; (2) simple spectra, even for complel( 
matrices; (3) superior detection limits, particularly for heavy elements; (4) wide 
linear dynamic range; and (5) rapid isotope ratio capability. For example. it is 
possible to routinely determine 33 elements, spanning the range of geochemical 
behaviour, with solid detection limits ranging between 0 .006 and 0.5 ppm 
(Jenner et al., 1990)' in a 0.1 g sample . Once instrumental procedures are 
established, it takes only 3-5 days to obtain analyses on 17 samples. from 
sample preparation to final data reduction. 
However, as has been stated by G.E.F. Lunde" in 1933: "There is no 
dearth of methods that are entirely satisfactory for the determination of 
elements when they occur alone. The rub comes in because elements never 
occur alone, for nature and man both frown on celibacy" . Despite extensive 
research indicated by the large number of publications, as has been pointed out 
by Montaser (1992), significant challenges exist in five areas (Table 1.1'. 
Among them, the introduction of samples into plasmas continues to be the 
limiting factor of analytical plasma spectrometry. 
3 
Table 1.1 Challeng'3S in ICP-MS 
1. The introduction of samples into plasmas . 
2. Spectral interferences including isobaric, double-charged ions and 
polyatomic ions. 
3. Matrix effects. 
4. Insufficient short- and long-term precision . 
5. Equipment and operating costs. 
Modified from Montaser (1992) 
The most common method used for sample introduction into an ICP-MS 
system is solution nebulization, viz, a spra'1' chamber combined with a 
pneumatic nebuliser. However, this conventional method of sample 
introduction has several limitations, including low nebulization efficiency, and 
problems inherent in dissolving mineral or rock samples (i_e., incomplete 
dissolution of some samples, time-consuming dissolution procedures, signif icant 
dilution, loss of analyte by volatilization and possible contamination). A study 
of the standard solution nebulization system consisting of a Meinhard 
concentric nebulizer in conjunction with a Scott spray chamber has shown that 
t:'e efficiency of san pie introduction to the plasma is less than 50/0, hence more 
than 95% of the sample is discarded to waste (Isoyama et al., 1990a). 
Because of this poor efficiency, large samples are required for routine ICP-MS 
4 
analysis. 
When the amount of sample solution available is not limited, poor 
efficiency in sample transfer to the plasma is normally of little importance. 
There are occasions, however, when the volume is limited by the amount of 
sample available or the amount that can be dissolved. In some geological 
applications, such as zoned minerals or fine-grained intergrowths, separation 
of a specific phase may be very difficult or even impossible. Painstaking careful 
manual separation is required to minimize the inclusion of minor mineral phases 
with high trace element concentrations. 
Two possible ways to meet the requirement of micro-sampling are: 1) a 
recycling nebulization system, and 2) direct introduction of soiid samples . For 
solution introduction, a recycling nerulization system provides a considerable 
gain in the efficiency of sample solution used so that sample size can be greatly 
reduced by recovering the bulk of the solution that normally drains to waste 
and recycling it to the nebuliser (Novak et al., 1980; Hulmston, 1983; Zhuang 
and Barnes, 1985; Vieira et al., 1986; Zicai et al., 1986 and Kato and 
Takashima, 1989; Isoyama et al., 1990a). 
Previous studies of direct introduction of solid samples have utilized 
electrothermal vaporization (Date and Cheung, 1987; Park and Hall, 1988: and 
Gregoire, 1988), graphite rod direct sample insertion (Williams et al. , 1987) and 
laser ablation systems (Gray, 1985; Arrowsmith, 1987; Hager, 1989; Darke et 
. ) 
. ...,,, ., , ~ 
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al., 1989a; Darkeeta/1989b; Pearce et al., 1992; Longerich etal., 1993; and 
Jackson et al., 1993). Of these, laser ablation seems to be the most 
promising. Many samples, particularly in geochemistry, are initially in solid 
form, and there are rnany advantages to sample introduction without the 
necessity of an interrnediate dissolution step. 
1.2 REVIEW OF MICRO-SAMPLING ICP-MS TECHNIQUES 
1.2.1 RECYCLING NEBULIZATION SYSTEMS 
The first recycling nebulization system was designed for inductively coupled 
plasma-atomic emission spectrometry (lCP-AES) and used a purpose-built cross-
flow nebulizer with impact bead and sample cup (Novak et al.,1980) . 
Subsequently, more sophisticated designs for ICP-AES have been reported 
(Hulmston, 1983; Zhuang and Barnes, 1985; Virira et al., 1986; Zicai et al., 
1986 and Kato et al., 1989). In the system reported by Hulmston (1983). a 
normal concentric all-glass nebulizer was operated in a vertical position inside 
a conical aerosol chamber . The large droplets that were retained in the spray 
chamber were fed back to the nebulizer and nebulized again. The system 
works for 10 min on a 1 ml sample. The chamber is flushed with water 
between samples. The sensitivity, detection limits, and short-term precision of 
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measurements obtained with the system are comparable to those of a normal 
concentric nebulizer system. Zhuang and 13arnes (1985) modified the recycling 
nebulizer system dE!Scribe ~~ by HulmstC' 1 . Their system consists of a concentric 
nebulizer mounted vertically inside a streamlined conical aerosol chamber . 
Vieira et al. (1986) used a cyclone aerosol chamber in a recycling nebulizer 
system. Signal-to-background ratios and detection limits were equal to or 
better than those provided by a dual concentric aerosol chamber. All these 
recycling systems permit continuous nebulization with small volumes for long 
periods of time and the measurement of many elements with a sequential ICP· 
AES system. However, recycling systems inherently have two m~jor problems , 
viz., enrichment of the sample concentration with time, and memory effects. 
The enrichment could be improved by humidifying the nebuliser gas to a certain 
extent (Zicai and Barnes, 1986). but the latter is more severe and less easily 
avoided (lsoyama et al., 1990a). For practical measurements, the spray 
chamber and nebulizer has to be washed thoroughly by the repeated 
nebulization of a blank and/or the next sample on exchange of each sample. 
More recently Isoyama et al. (1990al have reported a new recycling 
configuration which permitted exchangeable spray chambers for ICp·AES . 
These workers discussed the problem of concentration of the sample by 
evaporation. How~ver, they did not apply methods to correct for sample 
evaporation. The application of a recycling solution nebulizing system to ICP· 
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MS has been reported recently (Chen et al., '992a) 
1.2.2 LASER ABLATION 
As early as 1965, Ready studied laser vaporization processes. The history and 
recent developments of laser ablation introduction systems have been 
extensi'/ely reviewed by Moenke-Blankenburg (1989). Thompson et al. (1981 ) 
combinf~d a commercially available laser microprobe with an ICP source atomic 
emission spectrometer together with a sample chamber and a light-activated 
switch. The sy!:tem was tested with a series of standard steel samples. which 
produced linear calibrations for several elements. The precision was good for 
elements that were homogeneously distributed through the sample . Dittrich 
and Wennrich (1990) have reviewed in detail laser vaporization in atomic 
spectrometry. Adriain and Watson (1984) have discussed the physical 
characteristics of laser-produced plasmas. Thompson et al. (1990) recently 
discussed the nature of particulate matter produced by laser ablation. 
Gray (1985) first reported solid sample introd uction by laser ablation for 
ICP-MS. A laser ablation microprobe (LAM) sample-introduction system, 
designed for in-s;tu microsampling of minerals in petrographic sections, has 
been interfaced to an ICP-MS at Memorial University of Newfoundland (MUN) 
(Longerich et al., 1993a; Jackson et al., 1993; and Fryer et al .. 1993). This 
system has been successfully applied to in-situ trace element analyses and (UI-
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Pb geochronology (Jackson et a/., '993; and Fryer et al., 19931. 
1.2.3 TWO SPEED PERIS r .f\L TIC PUMP SPEED CONTROLLER 
Longerich (, 993a) reported an automated 2 speed peristaltic pump speed 
controller for ICP-MS and its applications to reduce sample wash out time and 
to decrease analytical sample volumes. Such a device allows autorr,atic 
selection of the "high speed purge" or "rabbit" mode of the commonly used 
Gilson Minipuls 2 peristaltic pump. The pump controller also allows efficient 
automated data acquisition using reduced liquid sample uptake rates (0.1 g/min) 
reducing the minimum Quantity of solution required for an automated solution 
analysis to less than 3 9 of solution. 
1.2.4 DIRECT SAMPLE INSERTION 
Direct sample insertion offers another micro-sampling technique. The first such 
device for ICP spectrometry was reported by Salin and Horlick ('979)' with 
later publications by Abdullah and Haraguchi (1985), Shao and Horlick (1986), 
Williams et al. (1987), and Chan and Horlick (1990). It has been successfully 
applied to geological samples (Pettit and Horlick, 1986; Brenner et al. , 1987). 
The technique of direct sample insertion allows determinatil')ns at or below the 
micrograms-per-gram levels in the solid (McLeod et al., 1992). The benefit of 
attaining rapid and complete vaporization of the analyte into the ICP is favoured 
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for volatile elements which yield a high ratio of signal to background. However, 
the techniqup. is susceptible to interference effects, and the transient nature of 
signals and selective volatilization behaviour makes assessment and 
implementation of corrective measures difficult. Precision, generally, is inferior 
to that of solution nebulization techniques, with a typical working precision of 
7% to 10% RSD (McLeod et al., 1992) . 
1.2.5 ELECTROTHERMAL VAPORIZATION 
Electrothermal volatilization (ETV) from a graphite rod or furnace, or from a 
refractory wire or tape is a very convenient method of introducing small 
solution samples of a few pi to the plasma (Date and Gray, 1983; Gray, 1986; 
Date and Cheung, 1987; Park and Hall, 1988; and Gregoire, 1988; Shen et al., 
1990) . The function of the electrothermal vaporization device is to electrically 
heat the sl:Jmple into "vapour". The vapour is then introduced into the plasma . 
It usually produces a transient signal lasting a few seconds while the burST of 
vapour from the heated surface traverses the plasma. Some benefits of this 
sample introduction method to the plasma are minimization of matrix effects 
and superior detection limits versus conventional solution nebu!ization. 
1.2.6 FLOW INJECTION ANALYSIS 
Flow injection analysis (FIA) techniques have been used for sample introduction 
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by Olivares alld Houk 11985)' Date (1984). Thompson and Houk (19861. Dean 
et al. (1988). and Viczian er al. (1990). The typical sample size for FIA is on 
the order of 100 pl. In FlA. the detector signal is a sharp transient peak rather 
than a steady-state response. It provides high sample throughput and the 
possibilities for sample dilution. matrix separation. and analyte conc.entration. 
It offers a number of advantages for analysis of samples with a high matrix 
concentration. 
'.3 REVIEW OF METHODS FOR DETERMINATION OF THE PRECIOUS 
METALS AND THEIR DISTRIBUTION AND PARTITIONING AMONG 
COEXISTING MINERALS 
1.3.1 DETERMINATION OF THE PRECIOUS METALS IN MINERAL 
SEPARATES 
Analysis of rocks and ores for the precious metals - platinum group elements 
(PGE: Ru. Rh. Pd. Os. Ir and Pt) and gold is now commonly performed using a 
NiS fire assay collection IRobert et al., 1971; Hoffman et al., 1978; Jackson 
et al., 1990), with quantification by one of a number of techniqul~s; e.g .. 
atomic absorption spectroscopy (AAS) (Robert et al .• 19711. ne!Jtron activation 
analysis (NAA) (Hoffman et al., 1978). graphite furnace-atomic absorption 
spectroscopy (GF-AAS) (Sen Gupta. 19891. inductively coupled plasma-optical 
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emission spectrometry (lCP-OES) (Wemyss and Scott, 1978; and Chung and 
Barnes, 1988), or ICP-MS (Date etal., 1987; Gregoire, 1988; and Jackson et 
al., 1990). 
Data on the precious metal concentrations of common ore sulphides are 
essential for precious metal geochemistry and exploration, and for determining 
the mineralogical distribution of precious metals in samples from processing 
circuits. However, analyses of precious metals in mineral separates presents 
considerable difficulties, with most methods designed for sulphide-rich rocks, 
e.g. fire assay not being practical for milligram size samples. Keays and 
Crocket (1970) first reported precious metal concentrations in major sulphide 
ore minerals at the Strathcona Mine using a neutron activation method. 
However, Rh, Ir, and Pt were not reported in their study and the sample size 
they used (25 to 100 mg) is not pratical for high purity mineral separate 
studies. Subsequently, Chyi and ~rocket (1976) presented Pt. Pd, Ir. and Au 
data at Strathcona Mine. but Ru. Rh. and Os were not reported. 
Cabri et al. (1984) analyzed major sulphide ore minerals from mineral 
deposits in the Sudbury area, Ontario, using the Heidelberg proton microprobe 
in a search for trace quantities of the platinum-group elements (PGE). They did 
not detect any PGe because of high limits of detection (1.2 to 3 ppm for Pd 
and Rh, and 50-60 ppm for Pt). 
Chryssoulis et al. (1989) described a method of Quantitative trace 
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precious metal analyses of ore minerals by secondary ion mass spectrometry 
(SIMS). They claimed that detection limits below one part per million (ppm) for 
Ag. Au. Pt . Pd. Ir. and Rh could be achieved. However. no analytical data were 
presented in their study. Wilson et a/. (1991) and Chai er al. (1993) reported 
"in-situ" analysis of precious metals in polished mineral samples using 
accelerator mass spectrometry (AMS). Their measurements showed extremely 
low backgrounds and low detection limits for the precious metals. However. 
the beam diameter of AMS (0.5 mm) is not normally considered to be 
microsampling. Furthermore. they did not apply internal standards to correct 
for instrumental drift and matrix effects. Time and analytical cost are also 
drawbacks for both SIMS and AMS. 
, .3.2 DISTRIBUTION AND PARTITIONING OF PRECIOUS MET ALS AMONG 
COEXISTING MINERALS 
In recent years. the precise and accurate determination of the precious metals 
(Ru. Rh. Pd, Ir, Pt and Au) in a range of rock and ore types has becomE' 
increasingly important. Interpretation of the precious metal geochemistry of 
igneous rocks, ores, and minerals is imnortant for the understanding of igneous 
petrogenesis and ore genesis. The pI . . us metals were formerly considered 
to be geochemically coherent with strong siderophile affinity (Fleet and Stone, 
1991). Barnes etal. (1985) and Naldrett etal. (1982) indicated that if these 
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elements are chondrite normalized and plotted in order of descending melting 
points of the metals. the patterns show the fractionation of these element 
during crystallization. Interest in PGE behaviour has stimulated numerous 
investigators of their partitioning behaviour (e.g. Stone et al. 1990. Fleet et al .• 
1991. and Frimpong et al .. 19931. Bethke and Barton (1971) raised the hope 
that if clean mineral separates of contemporaneous phases could be accurately 
analyzed, the distribution of minor elements among the phases could allow 
estimation of the temperature of ore formation. However, current research on 
partitioning of these elements is limited to experiments between sulphide and 
silicate liquids. Furthermore, only limited empiriCal data is available on precious 
metal distributions and their partitioning among the coexisting ore minerals due 
to considerable analytical difficulties in analYling small samples . 
1.4 SUBJECT AND SCOPE OF THE THESIS 
This thesis combines geoanalytical chemistry and geochemistry. The purpose 
of this study was to develop specific analytical methods with the aim of 
studying some unsolved geochemical problems. 
In geoanalytical chemistry, this study further develops three micro-
sampling introduction techniques for ICP-MS: 
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(1) a solution recycling nebulization system with a disposable spray 
chamber, 
(2) determination of precious metals in milligram samples of sulphides and 
magnetite using an automated 2 speed peristaltic pump speed controller 
for ICP-MS, after :ation exr..hange separation, and 
(3) in-situ determinations of precious metals in sulphide minerals using solid 
sample introduction by laser ablation. 
With the advantage of th~ above analytical techniques, this study also 
systematically examines two Ni-Cu-tpGE) deposits - Strathcona and Thayer 
Lindsley at Sudbury, Ontario, and investigates the following geochemical 
problems: 
(1) the distribution of the precious metals in the ores and minerals in the two 
deposits, 
(2) the partitioning of the preciolls metals between the major are minerals, 
(3) the fractionation of the precious metals during crystallization and 
development of the orebodies, and 
(4) trace element geochemistry of the Thayer Lindsley Mine 3nd its 
implications for are genesis. 
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' .5 ORGANIZATION OF THE THESIS 
The following nine chapters of the thesis are organized into two parts: 
(1) Part I (Chapters 2, 3, 4, and 5) deals with analytical developments for 
micro-sampling with inductively coupled plasma-mass spectrometry (lCP-
MS). Chapters 2 and 3 establish the first micro-sampling technique : a 
recycling nebulization system with a disposable spray chamber for ICP-
MS and describe its application to the determination of trace elements 
in geological samples. Chapter 2 describes the recycling nebulization 
system with a disposable spray chamber and its performance. Chapter 
3 demonstrates two geoanalytical applications of the recycling 
nebulization system: trace element analyses of sub-milligram samples 
and the determination of the rare-earth elements at ultra-trace 
concentration levels after preconcenl:ration . Chapter 4 describes the 
second micro-sampling analytical technique: laser ablation microprobe 
(LAM) ICP-MS and its preliminary applications to the in-situ 
determination of precious metals in sulphides and magnetite. Chapter 5 
establishes the third micro-sampling technique: determination of prec ious 
metals in milligram samples of sulphides and m3gnetite using an 
automated 2 speed peristaltic pump speed controller for ICP-MS after 
separation of the precious metals from the associated base metals by 
- ...,. . ' ( " " 
16 
cation exchange. 
(2) Part II. consisting of Chapters 6 . 7. 8. 9 and 10. investigates geological 
applications of the micro-sampling ICP-MS techniques developed in Part 
I to the study of precious metal-rich Ni-Cu sulphide ores at Sudbury. The 
advantages of micro-sampling techniques are demonstrated in the study 
of specific geological problems - distributions of precious metals and 
their partitioning among coexisting minerals. which are difficult to 
accomplish using earlier routine analytical techniques. Chapter 6 
summarizes the geology of the Sudbury basin and the geological setting 
of the precious metal-rich Ni-Cu sulphide mineralization . The geology 
and geochemistry of the Sudbury Igneous Complex (SIC), and genera~ 
features of the mineral deposits are described. The mineralogy, and 
metal zonation of the deposits are also presented. Chapters 7 and 8 
present case studies of precious metal distributions of two of the mineral 
deposits. Chapter 7 describes the precious metal distribution in the well-
studied Strathcona Mine in the North Range with emphasis on the Deep 
Copper Zone. Chapter 8 reports the study of the geochemistry and 
distributions of precious metals between and within sulphide minerals in 
a new deposit in the South Range - the Thayer Lindsley Mine, with 
emphasis on the 4B Ore Zone which is similar to the Deep Copper Zone. 
Chapter 9 summarizes the precious metal studies at Sudbury, particularly 
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the partitioning of precious metals between the principle ore minerals, 
and the mobility and fractionation of the precious metals in the footwall 
ores related to segregation and crystallization. Chapter 10 discusses the 
trace element geochemistry of the Sudbury ores and its implications for 
ore genesis. 
Figures are located at the end of the respective chapters. Tables are 
included within the text. 
Appendix I describes modifications to the nickel sulphide fire-assay 
collection and tellurium coprecipitation procedure for the determination of the 
precious metals, originally described by Jackson et al. (1990). Appendix II 
presents the locations and gives descriptions of the samples from the Sudbury 
Igneous Complex (SIC). Appendix III describes the analysis of pressed pellets 
of geological samples using wavelength dispersive X-Ray fluorescence 
spectrometry. Appendix IV presents Na20 2 sinter data aCQuis :tion and 
reduction procedures for the analyses of the rare earth elements (REE). 
Appendix V presents a publication related to this thesis. 
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CHAPTER 2 
RECYCLING NEBULIZATION SYSTEM WITH A DISPOSABLE SPRAY 
CHAMBER FOR INDUCTIVELY COUPLED PLASMA-MASS SPECTROMETRY 
2.1 INTRODUCTION 
The usual method for sample introduction into an ICP-MS is solution 
nebulization, viz. a Meinhard concentric nebulizer with a Scott spray chamber. 
However, with this technique, the efficiency of transport of sample into the 
plasma is low with more than 95% of the sample discarded to waste (lsoyama 
et al., 1990). Although poor sample transfer Afficiency to the plasma is not 
generally important, there are analyses where the sample volume is limited by 
the weight of sample available or by the difficulty of dissolving large weights 
of sample. As well, in some geological materials, such as zoned minerals or 
fine-grained intergrowths, separation of large amounts of specific homogeneous 
phases may be very difficult or even impossible. In these cases painstaking 
manual separation is required to minimize the inclusir", of minor phases . 
Several designs of recycling nebulization systems have been reported 
which recycle the waste solution to the nebulizer (Novak et al., 1980; 
Hulmston, 1983; Zhuang and Barnes, 1985; Vieira et al., 1986; Zicai and 
- . . . 
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Barnes, 1986; and Kato and Takashima 1989). These systems demonstrated 
continuous nebulization with small volumes for long periods and the 
measurement of multiple elements with optical emission spectrometers . 
However, these systems have two major problems, viz. enrichment of the 
concentration of the sample solution by evaporation during analysis and 
memory effects which are signal enhancements caused by previous sample 
material remaining in the tubing, nebulizer, spray chamber and torCh, and by the 
material deposited on and later eroded off the sample interference and skimmer. 
Evaporation of the sample solution can be reduced by humidifying the nebulizer 
gas, but the memory effect is a more severe problem (lsoyama et al., 1990a). 
The dilution and cOntamination of samples by the liquid remaining in the spray 
chamber from previous samples and wash solutions, has not been addressed 
by previous workers. Recently Isoyama et al. (1990a) have reported a 
recycling configuration which used a replaceable spray chamber for ICP·AES. 
These workers discussed the problem of concentration of the sample by 
evaporation, however, they did not apply internal standards to correct for 
sample evaporation. 
Alternative small sample introduction techniques are electrothermal 
volatilization (ETV) (Date and Cheung, 1987; Park and Hall, 1988; and 
Gregoire, 1988), flow injection analysis (FIA) (Thompson and Houk, 1986; 
Dean et al., 1988; and Viczian et al. 1990), laser ablation microprobe (LAM) 
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(Gray, 1985; Arrowsmith, 1987; Hager, 1989; Darke eta/., 1989a and 1989b; 
Longerich et al., 1993; and Jackson et al., 1993). direct insertion nebulizer 
(DIN) (Williams et al., 1987), and ultrasonic nebulizer (USN) (Fassel and Bear, 
1986; and Jin et al., 1990). However, a recycling nebulization system has 
following advantages compared to these methods: 1) homogeneous solutions, 
2) long data acquisition time (5 min) with a "stable" signal, and 3) the ability 
to reduce the weight of samples without the accompanying analytical 
difficulties of transient signal acquisition and data reduction . 
In this chapter, a recycling nebulization system with a disposable spray 
chamber for ICP-MS is described . The performance of the system, in terms of 
precision, accuracy, sensitiv:ty and the memory effect, is evaluated. 
2.2 SCOPE AND PURPOSE 
The design of the recycling nebulizing system was based on the following 
objectives: 
(1) Reduce the consumption of sample solutions and enhance the efficiency 
of nebulization to allow the analysis of small sample volumes . Sample 
solution trapped in the spray chamber during the nebulization process is 
collected and recycled by mounting a concentric nebulizer inside a spray 
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chamber. When the chamber containing the sample is mounted. a 
closed nebulizing process ensues until all liquid forms an aerosol and is 
transported to the plasma. 
(2) Produce a uniform aerosol droplet distribution and reduce pressure 
variation. The spray chamber is positioned vertically. This configuration 
ensures that generally the finest droplets are introduced into the ICP. 
Gravitational precipitation and inertial impaction of big droplets on the 
chamber wall are smooth. 
(3) Eliminate memory effect. Earlier recycling systems have exhibited a 
larger memory effect than conventional nebulizer systems. With a 
disposable spray chamber, signal enhancements caused by previous 
sample material remaining in the spray chamber are avoided. and the 
memory effect can be eliminated. 
With this new recycling nebulization system, 0.5 g of sample solution is 
sufficient for 8 min of data acquisition. The sensitivity of the recycling 
nebulization system is similar to a conventional Scott spray chamber system. 
Twenty six trace elements can be determined by ICP-MS using four internal 
standards (Ge, In, Re, and Bi) to correct for matrix, instrumental drift, and 
enrichment of the sample solution by evaporation. The ability to analyze 
mineral separates weighing less than 0.1 mg is demonstrated with detection 
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limits similar to conventional procedures. Analyses of selected geological 
reference materials SY-2, BCR-1, and W-l indicate good limits of detection, 
good accuracy and precision. negligible memory. and low consumption of 




The instrument used in these studies was a modified SCIEX (now Perkin·Elmer 
SCIEX) ELAN model 250 ICP-MS (Longerich et al .. 1986; Longerich et al .. 
1987; al"ld Longerich, 1989). The sampler and skimmer are slightly modified 
and made in-house (Jackson. et al .. 1990i. The instrument has been upgraded 
to the model 5000 computer system using Perkin-Elmer supplied hardware and 
software for model 250 and 500 instruments (Chen et al., 1992&). All of the 
old printed circuit boards in the computer rack were removed and replaced with 
2 new boards. One (,f these boards is connected to an IBM PS/2 Model 70. 
386/387 computer using IEEE-488 interface hardware. New ELAN 5000 
software, from Perkin-Elmer, version 1 .04-ICPS (a modification of version 1.04 
which incorporates an ICP Shut-off enhancement) was used. For automated 
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analysis, a Gilson 2120 autosampler was used which replaced the ISeQ ISIS 
autosampler. The Gilson supplied sipper was replaced by a piece of quartz 
tubing 13 mm o.d. and 1 mm i.d.l installed in a teflon holder, fabricated 
in-house. 
No on-line concentration calculations were made. Only count rates were 
collected using the ELAN software. The ELAN software was used to create 
"report" files, which contain the count rate data in an ASCII format. These 
files are translated using a complied, in-house written, Microsoft Basic program 
which translates the data into a Lotus formatted spread sheet file, and saves 
the file to floppy disc. This translate program is executed under the SCIEX 
recommended DOS shell, vpix. All subsequent data manipu:ations were done 
off-line using commercial spread sheet software on personal computers . For 
each analytical run 14-12 hours), the nebulizer gas flow was adjusted to 0 .9-1 .1 
I min", using a solution containing 1 00 ng g" of Cs and Th (Jenner et al., 
1990), so that : (1) ThO+/Th+<0.1; (2) sensitivity of Cs>1000 (counts 
sec" )/(ng g" ), and (3) sensitivity of Bi > 500 (counts sec")/(ng g"). These 
conditions represent a compromise between maximum sensitivity and minimum 
polyatomic ion formation . Other operating cond itions are given in Table 2.1. 
24 
Table 2.1 ICP-MS operating conditions 
Inductively coupled plasma: 
Plasma gas Argon 
'-
Forward power 1200 W 
Reflected power <5 W 
Gas flow: 
Plasma (outer) gas flow-rate 13.0 I min,l 
Auxiliary Ontermediate) gas flow-rate 1.0 I minI 
Nebulizer (inner) gas flow· rate see text 
l:1terface: 
Sampling distance (load coil to sample aperture) 21 mm 
Sampling aperture Nickel. 1.1 mm diameter 
Skimmer aperture Nickel, 0.9 mm diameter 
Ion lens settings: 
Biens 7.0 V 
P lens -9.0 V 
E-l lens -19.8 V 
S-2 lens OV 
Data acquisition parameters: 
measurement mode multichannel 
Replicate time 10 s 
Dwell time 50 ms 
Sweeps/replicate 200 
Number of replicates 1 
Points across peak 1 
Resolution Normal 
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2.:S.2 RECYCLING NEBULIZATION SYSTEM 
Two recycling nebulization systems, referred to here as "cyclone" and 
"parallel", (Figure 2.1) were evaluated. It is recognized that the dimensions of 
the "cyclone" spray chamber are not large enough for true cyclone gas flow 
dynamics, the term "cyclone" being used only to describe the configuration. 
Both systems consisted of a nebulizer. disposable spray chamber. glass 
transport tube . and holder. A concentric nebulizer (either Meinhard. model 
S8-30-C1 or TR-30-Cl) was used with a PTFE capillary tubing for sample 
recycling (25 mm long, 0.3 mm i.d. or 0.5 mm Ld.). The design of the 
disposable spray chamber was constrained by the availability of low cost and 
instrumental dimension considerations. The disposable spray chamber was a 
screw-top plastic centrifuge tube (25 mm o.d ., 107 mm high, 30 ml capacity. 
Sarstedt). The 8 mm o.d. Pyrex transport tube, with the end expanded to 12 
mm o.d. to reduce blockage, was connected to the ICP torch with 0.75 m of 
8 mm o.d. tygon tubing. The holder was constructed of teflon and used C-ring 
seals for the nebulizer and the glass transport tube, and a press fit for the 
teflon solution transport tubing. In the "parallel" recycling nebulization system. 
the concentric nebulizer was positioned vertically and parallel to the transport 
tube (Figure 2.1 a), while in the "cyclone" system (Figure 2.1 bl. the nebulizer 
was positioned perpendicular to the transport tube. Initial experiments 
demonstrated that the "parallel" recycling system yielded sensitivities higher 
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than th3 ·cyclone" recycling system. F'Jltller investigations were restricted to 
the "parallel" recycling system. 
2.3.3 SAMPLE PREPARATION AND REAGENTS 
Certified American Chemical Society (A .C.S.) acids were distilled in nonboiling 
quartz or teflon stills and diluted with Barnstead Nano-pure deionized ·distilled 
water. Standard and spike solutions for each element were prepared by 
dissolving ultra-pure metals (AMES laboratory, Ames, Iowa, U.S.A.), or Plasma 
Grade powders (SPEX Industries, Metuchen, New Jersey, U.S.A.) using HNO~ 
and deionized-distilled water. A 0.05% solution of the surfactant, Triton 
X-100, in water was used in all experiments . Preparations of sample and 
standard solutions were carried out in a Class 100 clean laboratory facility . All 
solutions were prepared and dispensed by weight. 
Geological reference materials and their distributers are listed in Table 2 .2 
The sample preparation procedure was modified from Jenner er al. 
(1990) as follows: 
1) 100 mg of powdered samples (10 mg for apatite anci amphibole 
samples) were dissolved in 15 ml covered screw-top teflon jars 
(Savillex) using 1 ml of HF and 2 ml of 8 M HN0 3 on a hot plate 
at 150°C for a day. 
2) Sample solutions were evaporated to dryness in the opened jars 
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at 75-1 OOoC. Silicon was thereby removed as SiF 4 after the 
evaporation . 
3) Steps (1) and (2) were repeated. 
4) Approximately 2 ml of 8 M HN0 3 was added to each sample 
solution, and then sample solutions were; evaporated to dryness 
in i::'e opened jars at 75-100"C. 
5) step (4) was repeated. 
6) The samples were diluted with 0.2 N HN03 by weight to a final 
weight of 90 9 (20 g for apatite and amphibole samples) to a final 
acid concentration of approximately 0 .2 M HN03 , in 125 ml 
polyethylene bottles (Nalgene). 
Table 2.2 Description of the geochemical reference materials used in this 
study ar.d their suppliers 
Samples Suppliers Materials 
SY-2 Canada Centre for Energy and Syenite 
Mineral Technology (CAN MET) 
BCR-1 U.S.G.S. (United State Geological Basalt 
Survey, U.S.A.) 
W-l U.S.G.S. (United State Geological Diabase 
Survey , U.S.A.) 
Apatite Dr. B.J. Fryer Apatite from Gaultois 
granite, Newfoundland 






2.3.4 SAMPLING CHANGING PROCEDURE 
While Isoyama et al. (1 990a) used a stop valve on the tubing which led to the 
ICP torch for sample exchange, it was observed that the argon back pressure 
of the plasma gas is sufficient to flush the spray chamber and further that the 
torch will not be extinguished when the nebulizer line to the torch is opened to 
the atmosphere. If the spray chamber is slowly attached, argon from the torch 
will flush air from the spray chamber, and the need for a valve, which must act 
to some extent as an obstruction and hence as a cause of memory, is removed. 
Sample changes, without extinguishing the plasma, were achieved using 
the following procedure: 
(1) The R.F. power trip was disabled. 
(2) The capillary tubing was withdrawl1 from the solution. A ft~r the 
solution remaining in the tubing was completed aspirated, the 
nebulizer gas flow was turned off . 
(3) The spray chamber was removed. 
(4) Liquid which remained on the inside surface of the chamber 
holder, the nebulizer, and the transport tube was removed with a 
Kimwipe tissue paper. 
(5) The inside surfaces of the holder, the nebulizer, and the transport 
tube were rinsed using 0.2 M HN03 from a wash bottle. 
(6) As in step (4), adhering liquid was removed . 
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(7) A new spray chamber containing 10 9 of 1 M HN0 3 wash 
solution was slowly attached. 
(8) The nebulizer gas flow-rate was slowly increased to 
approximately 1 I min-1, while maintaining the A.F. reflected power 
< 50 W. The capillary tubing was then inserted into the solution . 
(9) The wash solution was nebulized for 1 min to wash the nebulizer 
and capillary tubing. 
(10) Steps (2)' (3)' (4), (5)' and (6) were repeated. 
(11) A new spray chamber, containing the next sample, was attached 
as in step (7) and (8). 
(12) The R.F. power trip was enabled. Total time for changing samples 
was 15 minutes., including wash. 
2.3.5 DATA ACQUISITION AND CALIBRATION 
Mass selection and interferences are as in Jenner et al (1990). The sensitivities 
of al/ but two of the analyte elements were measured in one of the two 
e~ternal standard solutions (STOA or STOB, Table 2.3). The sensitivities for 
Nb and Ta were determined by surrogate calibration because of potential 
solution instability and memory effects (Jenner et al., 1990). The sensitivity 
ratios were: 93Nb/90Zr = 1.004 and 18'Ta/' 77Hf = 4.81. The elements Ge, In, Re, 
and Bi (Table 2.3) were used as internal standards. An accurately weighed 
-.,. 
# - " • " '" 
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Teble 2.3 Eillment, end concentret,ons 10' STOA. STOB. and ,nle,nel Stllndllrd . 
Elemllnt STOA Ing g ') STOB Ing g'l Inlllrn,,1 Standard Ing II " 
Gil 46180 
Fib 167.9 198.7 




Cs 112.2 99 .S 
Be 993 .9 
LII 110.7 


















Th 89 .0 107.7 
U 93 .6 
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aliquot of approximately 20 mg spike was added to each 2 g of sample 
solution. To decrease the liquid adhering to the inside surfaces of the nebulizer 
system, 1 drop of the Triton X-100 surfactant solution was added to each 
sample (lsoyama et al .. 1990). For samples in which Th was known to be low. 
0.05 9 of a 3 pg g" solution of Th was added to monitor oxide formation. 
precluding the determination of Th. ~ ~mples were run in the following 
sequence: acid calibration blank (0.2 M HN03 1. STDA. flush (1 M HN0 3 1. STDB. 
flush. acid calibration blank, sample 1, flush. ..., sample 4. flush. acid 
calibration blank, STDA. etc. After the data was collected, the background 
was calculated as the mean of 6 determinations of the acid blank. The most 
significant interferences in the suite of elements determined in this study are 
those of Ba and the light REE oxides on the heavy REE. Hf, and Ta (Jenner et 
al .• 1990; Jarvis, 1989), Fc,r each s<!mple. all oxide interference factors are 
normalized to the 232ThO + / 232Th + ratio measured in the standard solutions 
(Jenner et al., 1990). After instrument drift and matrix effects were corrected, 
sample solution concentrations were calculated by external calibration using the 
mean sensitivity of the 2 closest calibration standards. Solid sample 
concentrations were then calculated from sample and solution weights. 
2.4 RESULTS AND DISCUSSION 
2.4.1 COMPARISON BETWEEN THE RECYCLING NEBULIZATION SPRAY 
CHAMBER AND THE SCOTT SPRAY CHAMBER SYSTEM 
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In order !~ evaluate the sensitivity of the recycling nebulizer spray chamber 
system with that of the Scott system under similar conditions. the Scott spray 
chamber was mounted outside the match box and connected to the ICP torch 
using approximately 0.75 m of 8 mm o.d. tygon . Solutions containing 100 ng 
g" of V, Tm, and Bi were nebulized using nebulizer gas flow rates of 0.7 to '.3 
I min" for both systems. The 2 systems were alternated to correct for 
instrument drift . Figure 2.2 demonstrates that the analytical sensitivity of the 
recycling nebulization system is similar to t"ose obtained with the Scott spray 
chamber f.ystem in this configuration . 
2.4.2 MINIMUM SAMPLE SOLUTION REQUIRED FOR DATA ACQUISITION 
One of the aims of this study was the redLlction of solution consumption, to 
make possible the analysis of small quantities of, or low concentrations in, 
geological materials. Note that in all work reported in this study, all solution are 
prepared and dispensed by weight and hence are reported in weight units . The 
use of weight rather than volume allows accurate measurements to be made 
quickly over a large dynamic range, thus the "volumes" reported in this section 
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are measured in g of solution . In initial work. a standard concentric nebulizer 
(Meinhard. model TA-30-C 1) with a PTFE capillary tubing for sample recycling 
(25 cm length. 0.5 mm i.d.) was used and the dead volume was found to be 
0.29 9 (Figure 2.3), Using this configuration. 0 .5 9 of solution was sufficient 
for 5.4 Min of data acquisition. In order to further reduce the minimum volume. 
a "Sm.lll Bore". SB-30-Cl Meinhard nebulizer was used. with a smaller i.d . (0.3 
mm) p rFE capillary tubing. A "TR" nebulizer has a glass solution input tube 
which is 4 mm o.d. with an i.d. of 2 mm. A "58" nebulizer is identical to a 
"TA" nebulizer except for a modified solution input tube which has a reduced 
o.d. of 3 mm and an Ld . of 1 mm. This nebulizer was connected to the tubing 
using a two-way OMNIFIT (Atlantic Beach. New York) connector . These 
r,10difications reduced the dead volume from 0 .29 9 to 0.25 g. and increased 
data acquisition time for a 0.5 g sample from 5.4 minutes to 8 minutes. 
To determine the fraction of the dead volume contained in the nebulizer 
and capillary tubing. water was nebulized for 2 min. and the nebulizer and 
capillary tubing weighed. Then the nebulizer and capillary tubing were dried in 
an oven at 60°C for 1 hour and their dry weight again recorded . This 
determined that of the total 0.25 9 dead volume. 0.08 9 was contained in the 
nebulizer and capillary tubing. while 0.17 9 was in the spray chamber. holder. 
and transport tube. 
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2.4.3 DRIFT AND MATRIX EFFECTS 
Drift and matrix effects can not be separated chemometrically and in this study 
are both corrected using internal standards . In a long ICP·MS run sensitivity 
typically drifts. In an analysis using a recycling nebulization system, the 
gradual enrichment of samples with time (Figure 2.4), due to evaporation, is a 
more serious cause of signal change (Isoyama, et ai" 1990; Zieai and Barnes, 
'9B6; and Kato and Takashima, 1989). Matrix effects also cause signal 
enhancement or depression in sample solutions relative to calibration standards. 
Matrix effects are mass dependent, with the light elements more significantly 
affected by the matrix than heavy elements (Doherty, 1989; and longerich er 
al., 1990). In this study, the drift· matrix corrections were made using a mas:. 
interpolation of the correction factor determined from the intensities of the 
internal standards; Ge, In, Re, and Bi in the calibration standards and samples. 
2.4.4 MEMORY EFFECTS 
Signal enhancements can also be caused by the previous sample remaining in 
the tubing, nebulizer, spray chamber, and torch; or being deposited on the 
ICP-MS sampler and skimmer interface cones (Longerich et al., 1990). A major 
difficulty in the use of poorly designed spray chambers is memory caused by 
inadequate washing of the previous sample from the chamber, caused in part 
by poor gas flow dynamics. Systems, such as those used in this study, which 
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use replaceable spray chambers and manual washing, reduce spray chamber 
memory to insignificant levels. In this study, calibration blanks immediately 
following standards showed no observable contamination. 
2.4.5 LIMITS OF DETECTION (LOD's) 
Limits of detection (LOD's) are a measure of instrument performance, defined 
here as 3 times the standard deviation of the difference between the count rate 
of a sample and n replicate determinations of the count rate of the calibration 
blank. The limit of detection is calculated as 13*u-V(1/n+l)). where u is 
expressed in concentration units. Solid limits of detection, for a 100 mg 
sample dissolved in 200 g solution (0.5 9 solid/kg solution). and with 6 
determinations of the calibration blank (n = 6), are given in Table 2.4. For 
samples prepared at lower concentrations, the limits of detection increase 
proportionally. 
2.4.6 PRECISION AND ACCURACY 
Results obtained in this study for the 3 geological reference materials, SY-2, 
BCR-l, and W-l are presented in Table 2.4 and Figures 2.5-2.7. Relative 
standard deviation~ for most elements are less than 5% (Table 2.5 and 
Table 2.4 Concentrations (g go') obtained in this work (recycling nebulizer), the same solutions analyzed using 
the method of longerich et al. (1990)' and literature values, for the geological reference materials; SY -2, BCR-1 
and W-1. Solid limits of detection are calculated for samples preparerj at 0.5 9 solid per kg solution. 
Recycling Nebulizer IC?-MS Standard Literature Values Solid Limits 
Addition Procedure of detection 
SY-2 BCR-l W-1 SY-2 BCR-1 SY-2' BCR-l- W-l" (9 gol) 
n z 1 n z 2 n z 2 n=5 n=5 
Rb 226 49.7 19.9 221 47.1 226 47.2 21.4 0.028 
Sr 286 358 198 275 338 270 330 186 0.06 
Y 128 35.5 20.6 120 33.1 129 38 26 0.009 
Zr 300 199 90.9 294 186 306 190 99 0.06 
Nb 36.1 13.2 8.50 33.6 13.8 30 14 9.9 0.0007 
Cs 2.70 0.97 0.89 2.59 0.87 2.7 0.96 0.96 0.015 
Sa 452 684 155 459 696 445 681 162 0.19 
La 73.1 26.1 11.1 70.7 25.8 67 24.9 11 0.008 
Ce 168 54.9 23.4 161 55.2 159 53.7 23.5 0.015 
Pr 20.0 6.82 2.93 20.3 6.95 19.5 6.8 3.2 0.008 
Nd 76.3 28.3 12.6 77.7 29.1 73.7 28.8 14.6 0.013 
Sm 15.8 6.54 3.17 16.3 6.65 15.7 6.59 3.68 0.016 
Bu 2.40 1.92 1.06 2.55 1.98 2.5 1. 95 1.12 0.016 
Cd 17.5 7.05 3.69 17.9 7.45 16.8 6.68 4.01 0.016 
Tb 2.89 1.0:<' 0.59 2.97 1.05 3.1 1.05 0.63 0.008 
Oy 19.9 6.19 3.65 20.5 6.41 21.3 6.34 3.39 0.019 
Ho 4.57 1. 24 0.74 4.67 1. 28 5.1 1. 26 0.81 0.007 
Br 15.1 3.55 2.12 15.3 3.68 15.2 3.63 2.3 0.015 
TIn 2.41 0.50 0.32 2.51 0.53 2.4 0.56 0.34 0.009 
Yb 11.2 3.28 1.94 18.1 3.39 18.1 3.38 2.03 0.005 
Lu 2.91 0.50 0.31 2.99 0.51 2.9 0.51 0.317 0.009 
Hf 8.07 4.96 2.38 8.69 5.00 8.4 4.95 2.5 0.010 
Ta 1. 77 0.63 0.54 1.82 0.77 1.9 0.81 0.48 0.0011 
Pb 82.1 12.4 6.34 95.5 14.0 96 13.6 7.5 0.08 
Th 392 6.20 2.31 385 5.94 389 5.98 2.4 0.05 
U 275 1.73 0.61 298 1. 74 297 1. 75 0.57 0.004 




Figures 2.5-2.7). Accuracy, calculated as the relative difference between this 
work and literature values is given in Table 2.5 and Figure 2.7 . The relative 
difference for most of elements is less than 15%; and is less than 10% for the 
more abundant elements. 
Analytical data of two mineral separates; apatite and amphibole, obtained 
using the recycling nebulization system and a modified standard addition 
procedure using conventional nebulization and Scott spray chamber at MUN are 
presented in Table 2.6 and Figures 2 .8-2.9. Results acquired using these two 
technique are quite comparable. Relative standard deviations for most elements 
using the recycling system are less than those using conventional and Scott 
spray chamber. 
2.5 CONCLUSIONS 
A recycling nebulization system with a disposable spray chamber is 
demonstrated for ICP-MS. The system described operated successfully to 
provide 8 min of data acquisition using 0 .5 ml of sample solution. The memory 
of preceding samples was reduced to insignificant levels by the use of a 
removable, disposable spray chamber with manual washing. The performance 
of the system, in terms of precision, accuracy, and sensitivity, is similar to, or 
bener than, that of the conventional Scott spray chamber system using 10 ml 
sample volumes. 
38 
Table 2.5 Relative standard deviations (RSO) and relative differences (RO) 
(compared with literature values) in this work (recycling nebulizer:,. for 
geological reference materials; SY-2. BeR-1. and W-1. 
Relative Standard Relative Differences 
Deviations 
BCR-1 W-1 SY-2 SCR-1 W-l 
n=2 (%) n=2 (Ik) (Ik) (%) (%) 
Rb 1 1 -0.2 5.3 -7.0 
Sr 1 2 5.7 8.5 6.2 
Y 0.4 2 -0.7 -6.5 -20 
Zr 0.6 2 -1. 7 4.9 -8.2 
Nb 1 0.03 16 -5.6 -14 
Cs 0.9 0.6 -0.06 1.0 -7.5 
Sa 3 3 1.6 0.4 -4.6 
La 4 4 9.0 4.8 1.1 
Ce 4 4 5.7 2.3 -0.6 
Pr 4 3 2.4 0.3 -8.5 
Nd 3 3 3.5 -1. 7 -14 
Sm 3 4 0.9 -0.8 -14 
Eu 2 4 -4.2 -1. 5 -4.9 
Gd 0.4 2 4. 1 5.5 -8.0 
Tb 5 0.2 -6.7 -2.5 -6.4 
Dy 7 2.8 -6.5 -2.3 7.6 
He 6 0.3 -10.4 -1. 3 -8.1 
Er 5 0.8 -0.5 -2.2 -8.0 
TIn 5 8 0.6 -10 -5.5 
Yb ] 1 -4.9 -3.0 -4.5 
Lu 3 2 0.5 -1. 9 -2.2 
Hf 0.1 4 -3.9 0.2 -4.8 
Ta 0.2 5 -1. 5 -22.5 12 
Pb 65 0.9 -14.5 71.9 -15 
Th 0.5 0.9 0.9 3.7 -3.8 
U 5 4 -7.4 -1. 0 6.9 
Table 2.6 Comparison of the concentrations (Pg g.l) and relative standard deviations (RSD) obtained in this work 
(recycling nebulizer) and those for the same solutions analyzed using the method of longerich et al.13, for 
geological materials: apatite and amphibole. 
RecyclIng NebulIzer ICP-MS Standard 
Addition Procedure 
Apatite Amphibole Apatite Amphibole 
(n=3) (n=3) (n=3) (n=3) 
Mean RSD (t) Mean RSD(\) Mean RSD(\) Mean RSO(\) 
Rb 2.69 25 35.3 6 2.58 25 36.7 7 
Sr 183 20.0 4 173 1 20 . 2 2 
Y 1413 1 106 5 1367 1 106 8 
Zr 0.95 28 356 1 0.35 50 355 9 
Nb 1.66 18 4.53 56 1. 41 13 4.38 60 
Cs 0.27 21 0.10 4 0.26 19 0.09 5 
Ba 5.02 26 5.94 2 5.39 20 6.10 6 
La 155 0.7 105 3 156 4 109 8 
Ce 467 0.4 96.3 2 482 3 101 7 
Pr 77.4 0.7 22.0 4 76.9 3 22.8 8 
Nd 394 0.6 82.2 6 391 8 86.9 8 
Sm 175 0.8 17.0 6 173 4 17.5 9 
Eu 23.4 1 2.22 4 23.4 4 2.27 10 
Gd 255 3 20.0 9 258 5 20.1 11 
Tb 43.1 3 3.43 3 42.1 5 3.30 10 
Dy 238 2 19.9 2 231 5 19.6 9 
Ho 39.6 2 3.89 3 38.2 6 3.81 9 
Er 92.8 2 10.7 3 89.5 6 10.5 10 
TIn 10.8 2 1. 58 3 10.5 3 1. 58 7 
Yb 53.0 3 12.0 3 53.1 4 12.1 8 
Lu 5.97 3 2.18 2 6 . 07 5 2.25 6 
Hf 0 7.50 5 0.36 13 7.60 8 
Ta 1. 41 37 0.33 73 0.82 20 0.32 74 
Pb 6.34 7 8.65 4 7.25 4 9.93 8 
Th 1. 49 29 0.75 14 1. 39 24 0.82 5 




Figure 2.1 Two recycling nebulization systems (a) "paraller' and (b) "cyclone", 
consist of a holder, concentric nebulizer, PTFE capillary tubing for sample 
recycling, a disposable screw top spray chamber and a Pyrex transport tl lbe 
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Figure 2 .2 Sensitivity as a function of nebulizer gas flow rate for a 
solution containing 100 ppb of Y, Tm, and Bi. (a) The Scott spray chamber 
and (b) the recycling nebulization system 
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Figure 2.3 Mass of sample solution versus total nebulization time Total 
nebulization time is taken as the time when the count rate reaches a maximum, 
as observed in Figure 2.4. Using the Meinhard SB-3O-C1 nebulizer, 0.5 g of 
solution is sufficient for 8 min of data acquisition (dead volume = 0.25 g), while 





















Figure 2.4 Signal versus time for various masses of sample solution: 0 3, 0 .5, 
0.7, and 0.9 g. Each soi;.:!ior1 initially contained 100 nglg of Cs. Following the 
maximum count rate, the sipper is not continuolJsly immersed in the solution, 
causing the sharp decrease in signal, while gas bubbles are periodically aspirated 
causing the large spikes in the intensity data . 















• BCR-1 (this wor1<, n=2) 
+ SY-2 (this wor1<, n=1) 10000 
II W-1 (this wor1<, n=2) 
0 BCR-1 (Govindaraju, 1989) 
..l. SY-2 (Longerich et ai, 1990) 
1000 x W-1 (Govindaraju , 1989) 
100 
10 
Cs Sa La Pr Sm Gd Oy Ho Tm Lu U Hf Ta 
Rb Sr Ce Nd Eu Tb Y Er Yb Th Zr Nb 
Figure 2.5 Mean chondrite-normalized data for geological reference materials 
SY-2, BCR-1, and W-1 Solutions were prepared using 100 mg sample 




















• BCR-1 (n=2) 0 W-1 (n=2) 
O%~~ __ ~~ __ ----~~~~~~-L~~~~~~~~1-~~ 
Rb Sr Y Zr Nb Cs Ba La Ce NdSm EuGd Tb Cy Ho ErTm Yb Lu Hf T~ Th U 
Figure 2.6 Precision expressed as relative standard deviation (RSD) obtained 









• BCR-1 (n=2) <> W-1 (n=2) A SY-2 (n=1) 
-40°A, 
Rb Sr Y Zr Nb Cs Ba La Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Til Th U 
Figure 2 .7 Accuracy expressed as relative difference between results obtained 
in this work, using the recycling nebulization system, and literature values for 


















Cs Sa Sr 
Rb Pb 
Ce Nd Eu Tb 
La Pr Sm Gd 
Y Er Yb Th Zr Nb 
Oy Ho Tm Lu U Hf Ta 
• Amphibole (Standard Addition n=3) <> Apatite (Standard Addition n=3) 
t:. Amphibole (Recycling Nebulization n=3) x Apatite (Recycling Nebulization n=3) 
Figure 2.8 Mean chondrite-normalized data for geological samples: amphibole 
and apatite, using the recycling nebulization system and the standard addition 







(a) • Recycling Nebulization (n=3) 
o Standard Addition (n=3) 
Cs Ba Sr Ca Nd Eu Tb Y Er Yb Th Hf 





• Recycling Nebulization (n=3) 





Cs Ba Sr Ce Nd Eu Tb Y Er Vb Th Nb 
Rb Pb La Pr Sm Gd Dy Ho Tm Lu U Ta 
Figure 2.9 Precision expressed as relative standard deviation (RSD) obtained 
in the analysis of (a)amphibole and (b)apatite, using the recycling nebulization and 
the standard addition procedure 
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CHAPTER 3 
TWO GEOANAL VTICAL APPLICATIONS OF THE RECVCLlNG 
NEBULIZATION SYSTEM WITH A DISPOSABLE SPRAY CHAMBER FOR 
INDUCTIVEL Y COUPLED PLASMA·MASS SPECTROMETRV 
3.1 INTRODUCTION 
In this chapter, two geoanalytica l applications which are difficult to accomplish 
by routine ICp·MS analysis are demonstrated using the recycling nebulization 
with a disposable chamber described in Chapter 2. Multielement trace element 
analyses of sub-milligram samples provide earth scientists a new technique to 
study the trace element geochemistry of very small samples and to investigate 
sample heterogeneity. The determination of the rare-earth elements (REE) 3t 
ultra-trace concentration levels after preconcentration is also demonstrated 
which has considerable applications to REE studies of ultramafic rocks. 
3.2 TRACE ELEMENT ANAL VSES OF SUB-MILLIGRAM SAMPLES 
3.2.1 INTRODUCTION 
Due to the poor efficiency of the standard solution nebulization system, the 
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standard trace element analysis package at Memorial University of 
Newfoundland (MUN) requires either 10 ml (internal standardization) or 20 ml 
(standard additicn) of sample solutic.n for analysis (Longerich. 1990). Although 
the poor efficiency in sample transfer to the plasma is normally of little 
importance where the amount of sample solution available is not limited. there 
are occasions when the volume is limited by the amount of sample available. 
or the amount that can be dissolved. In some geological applicaticns. such as 
studies of zoned minerals or fine-grained mineral intergrowths. tens of mg of 
mineral separates of a specific phase may be very difficult or even impossible 
to obtain. Painstaking manual separation is required for accurate work to 
minimize the inclusion of minor mineral phases with potentially high trace 
element concentrations. To circumvent this problem it is advantageous to 
determine various elements by micro-sampling techniques. There are growing 
requirements to analyze very small samples in geological studies. To 
demonstrate the capability of the recycling nebulizer system. replicate small 
samples of Centre de Recherches Petrographiques et Geochimiques (CRPGI 




The instrument, operating conditions, data acquisition, and calibration used in 
this study were the same as those discussed in Chapter 2 . 
3.2.2.2 SAMPLE PREPARATION AND REAGENTS 
Reagents used were the same as those of Chapter 2. Preparations of sample 
and standard solutions were carried out in a Class 100 clean laboratory facility. 
Sample preparation, similar to that described in Chapter 2 was done, as 
follows: 
(11 Sample weights varying from 0.01 to 1 mg were dissolved in 
triplicate in 5 or 2 ml screw-top teflon jars (Savillexl using 1 ml of 
HF and 1 ml of 8 M HN03 . 
21 Sample solutions were evaporated to dryness in the opened jars 
at 75-1000 C. Silicon was removed as SiF4 by the ~vaporations. 
3) Steps (1) and (2) were repeated. 
4) Approximately 1 ml of 8 M HN03 was added to each sample and 
the sample solutions were evaporated to dryness in the opened 
jars at 75-1000 C. 
5) Step (4) was repeatad. 
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6) Each sample was diluted to a final weight of 2 9 in a disposable 
spray chamber (30 ml screw-top plastic centrifuge tube. Sarstedt). 
3.2.3 RESULTS AND DISCUSSION 
Results of the replicate analyses are presented in Table 3.1. Accuracy for 
samples larger than 0.1 mg are shown in Table 3.2 and Figure 3.1. The 
agreement with data from X-ray fluorescence analysis (this work; determined 
at MUN using the procedure of Longerich. 1993) and literature values 
(Govindaraju, 1989) is acceptable, except for Ho, which is difficult to 
accurately determine using neutron activation or isotope dilution methods. The 
anomaly in the chondrite normalized diagram for Ho (Figure 3.1) suggests that 
the literature value is in error. For the 0.01 mg sample. there is also a 
significant disagreement for Ce, possibly due to partitioning of Ce3 + and Ce4 + 
in different minerals, which may suggest sample heterogeneity, and for 
elements like Lu, which are near the limit of detection. For comparison, limits 
of detection are presented in Table 3.3 and Figure 3.4. for various sample 
weights. 
Relative standard deviations. for replicates (n = 3) of samples weighing 
more than 0.10 mg, are less than 10% for most elements (Table 3.4 and Figure 
3.21. The RSD's for samples weighing 0.01 mg are from 30-60 % (Figure 3.2), 
suggesting that the large standard deviation of the data for the smallest sample 
Table 3.1 Mean concentrations determined in this stud V (JIg g-1) and literature values for the geological reference 
material, BR, using various sample weights. 
1.00 mg 0.50 mg 0.20 mg 0.10 mg 0.01 mg 100 mg Standard XRF Literature 
n=3 n=3 n=3 n;3 n=3 (diluted to Addition n=4 Values 
0.01 mg level) 
Rb 47.8 48.3 46.1 47.9 44.3 47.3 49.8 48.8 47 
Sr 1424 1412 1328 1340 1070 1365 1368 1364 1320 
Y 27.8 27.8 27.2 27.5 26.8 29.1 25.3 26.9 30 
Zr 276 271 254 269 347 288 270 261 250 
Nb 115 105 80.4 89.6 116 117 134 115 98 
Cs 0.79 0.91 0.79 0 . 92 2.06 0.76 0.81 1 
Ba 1068 1115 1068 1071 867 1095 1062 1161 1050 
I.a 81.6 82.7 80.9 81.6 68.7 88.4 82.6 82 
Ce 152 153 150 156 336 161 158 180 151 
Pr 17.3 17.4 17.0 17.5 15.8 17.1 17.4 
Nd 65.3 65.0 63.7 55.7 57.6 66.0 65.3 65 
Sm 11. 9 11.9 11.8 12.6 11.8 12.4 11.8 12 
Eu 3.60 3.67 3.65 3.69 4.02 3.72 3.78 3.7 
Gd 10.2 10.6 10.4 10.9 12.2 8.57 12.0 9.5 
Tb 1. 26 1.31 1. 31 1.32 1.44 1.08 1.25 
1.25 
Oy 6.18 6.24 6.38 6.62 5.66 6.02 6.45 
6.2 
Ho 1. 04 1.01 1.07 1.12 1.08 1.09 1.07 
0.2 
Er 2.S3 2.55 2.51 3.04 3.05 2.08 2.53 2.4 
Tal 0.30 0.35 0.31 0.43 0.46 0.31 0.33 
Yb 1. 67 1.69 1. 76 1. 76 1.17 0.32 1. 79 
1.9 
Lu 0.23 0.29 0.25 0.27 0.70 0.19 0.25 
0.25 
Hf 5.62 5.56 5.31 5.69 8.33 7.19 5.76 5.4 
Ta 4.30 4.71 4.56 4.52 10.8 4.64 5.24 
6.2 
Pb 5.74 7.83 11.6 12.4 67 . 7 9.62 5.78 
6.3 8 
Th 9.75 9.44 7.96 7.88 7.94 10.5 11.1 11.7 
11 
U 2.40 2.17 ~.92 2 . 03 1. 65 0 2.42 2.5 
XRF: X-Ray Fluoresces Spectrometry Analysis. 




Table 3.2 Relative Difference (%) compared to literature values for the 
geological reference material. BR. for various sample weights. 
1. 00 m .... 
. ' 
0.50 mg 0.20 mg 0.10 mg 0.01 mq 100 mq 
(diluted) . 
Rb 1.8 2.8 -2.0 1.9 -6 0.7 
~r 8 7 0.6 1.5 -19 3 
Y -7 -7 -9 -8 -11 -3 
Zr 10 8 1.6 8 39 15 
Nb 17 7 -18 -9 18 19 
CII -21 -9 -21 -8 106 -24 
Ba 1.7 5 1.7 2.0 -18 4 
La -0.4 0.8 -1. 3 -0.5 -16 8 
Ce 0.8 1.2 -O.S 3 122 6 
Nd 0.4 0.05 -1.9 1.1 -11 1.5 
Sm -0.8 -0.6 -1.4 5 -1.9 4 
Eu -2.6 -0.7 -1.3 -0.04 9 -0.7 
Gd 8 11 10 14 29 -10 
Tb 0.8 5 5 6 15 -13 
Dy -0.22 0.7 3 7 -9 -3 
Ho 422 437 433 464 438 445 
Er 5 6 5 27 27 -14 
Yb -12 -11 -8 -7 -7 -83 
Lu -6 14 0.11 8 181 -22 
Hf 4 2.9 -1.7 6 54 33 
Ta -31 -24 -26 -27 74 -25 
Pb -28 -2.1 46 54 746 20 
Th -11 -14 -28 -28 -28 -5 
U -4 -13 -23 -19 -34 -119 
* 100 mg of a sample is dissolved, and then diluted to a solid 
concentrat ion of 0.01 mg/2 9 as per other. 
. . ... ..... ~ . ~ . .' '. . 
56 
Table 3.3 Solid limits of detection (ppm) for the geological reference standard 


























































































































































































* 100 mg of a sample is dissolved, and then diluted to a sol id 
concentration of 0.01 rng /2 9 as per other. 
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Table 3.4 Relative Standard Deviations (%) for geological reference standard. 
BR. using various weights of sample. 
1.00 mg 0.50 mg 0.20 mg 0.10 mg 0.01 mg 100 mg 
(diluted) . 
n=3 n=3 n=3 n=3 n=3 n=4 
Rb 1.5 1.7 2.7 8 41 2.1 
Sr 2.1 0.9 2.9 4 48 0.38 
Y 2.1 1.1 2.8 7 34 3 
Zr 2.4 0.8 2.8 6 34 1.6 
Nb 11 6 17 15 79 2.4 
C. 2.7 14 8 11 SI 52 
Ba 3 2.4 5 1.2 46 1.2 
La 4 1.3 2.3 6 57 2.1 
Ce 4 1.7 2.3 1.9 44 2.4 
Pr 3 1.3 2.4 7 43 0.9 
Nd 4 2.5 4 5 45 2.4 
Sm 5 4 4 11 38 4 
Eu 4 5 3 6 40 7 
Gd 1.9 6 6 14 3S 23 
Tb 1.4 4 4 11 33 13 
Dy 1.8 1.7 4 8 44 6 
Ho 1.3 2.8 2.8 8 36 11 
Er 4 3.3 1.5 22 38 22 
Tm 1.4 19 11 37 31 37 
Yb 4 5 9 13 41 236 
Lu 4 20 12 20 110 93 
Hf 2.3 2.3 2.4 5 16 26 
Ta 20 13 56 25 43 4 
Pb 1.3 14 32 40 28 114 
Th 4 4 8 4 61 53 
U 9 6 2.5 38 38 -22 
• 100 mg of the sample is dissolved, and then diluted to a solid 
concentration of 0.01 mg/2 g. 
, ·1 • ',.' . I' • ... • ~ t .'" ." I • ,;', , • "I 
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is due to sample heterogeneity. To demonstrate that the analytical error of the 
procedure for this size of sample is also generally less than 10%. a 100 mg 
sample was also prepared. and diluted to contain the same amount of sample 
as the 0.01 mg sample preparations. The result of these analyses. which 
measure analytical reproducibility on the same solution. is shown in Figure 3.3. 
where the RSD's are typically less than 10% for most elements. These results 
(Table 3 .4 and Figure 3.3) show that the higher er~or for the determination of 
most elements in a 0.01 mg sample may be attributed in part to sampling 
heterogeneity. Based on these results for BR, analyses of samples of less than 
0.1 mg are not reliable for establishing meaningful average composition . 
3.2.4 CONCLUSIONS 
A recycling Nebulization ICP-MS micro-sampling technique has been 
demonstrated to successfully analyze sub-milligram samples of geological 
materials. 
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3.3 DETERMINATION OF THE REE AT ULTRA-TRACE CONCENTRATION 
LEVELS AFTER PRECONCENTRATION 
3.3.1 INTRODUCTION 
In recent years, the precise and accurate determination of the REE in a range 
of rock types has become increasingly important. Interpretation of the REE 
geochemistry of igneous and metamorphic rocks and minerals is required for 
the development of many petrogenetic models. Inductively coupled plasma-
mass spectrometry (lCP-MS) is a multi-element analytical method having 
detection limits across the whole mass range which are superior to most 
conventional techniques, particularly for heavy elements. However, there are 
samples in which the REE concentrations are below the detection limits 
(0.01-0.1 ppm) of whole rock procedures (Doherty, 1989) where samples are 
prepared at working dilutions of 0.5 g rock per kg solution (0.1 g per 200 g 
solution). Preliminary attempts to analyze these types of samples using 
standard techniques at MUN were unsuccessful due to high blanks. It is not 
possible to improve analytical sensitivity by increasing the sample size, since 
the ICP·MS is intolerant of high total dissolved solids (TOS) and matrix effects 
would increase (Longerich et al., 1990). A procedure, such as ion exchange, 
which increases the concentration of the REE's while maintaining the total 
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dissolved solids at less then 0.1% is required . 
In this study, the recycling nebulization system described in chapte, 2 
was used to analyze geochemical reference materials at ultra-trace levels. after 
preconcentrating the REE's from a standard 100 mg sample using cation 
exchange. Fifteen ultra-trace rare earth elements (REEs) have been determined 
in 5 international geochemical reference samples: PCC- 1 (USGS). AL· ' (GIT· 
IWG), FK-N (ANRT), 70a and 99a (NBS). Solid limits of detection are 0.01·' 
ppb. Sample heterogeneity was found. 
3.3.1 EXPERIMENTAL 
3.3.2.1 INSTRUMENT 
The instrument used, operating conditions, data acquisition, and calibration 
were the same as those of Chapter 2 . 
3.3.2.2 SAMPLE PREPARATION AND REAGENTS 
Reagents used were as detailed in Chapter 2. The geochemical reference 
materials and their suppliers are listed in Table 3.5 (Govindaraju, 1989; and 
Jarvis, 1988). Sample preparations and chromatography were carried out in 
a Class 100 clean laboratory facil ity. Sample preparation was similar to that 
described in Chapter 2 except for Step 6: samples were dissolved in 2 9 of 
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mixed acid (1 .13 M HNOl -0.S3 M Hell. and transferred onto cation exchange 
columns for separation instead of being diluted to a final concentration of 
approximately 0.2 M HNOl in 125 ml polyethylene bottles. 
The procedure for quantitative separation of rare earth elements from the 
silicate matrix by cation exchange is as follows: 
1) The cation exchange resin (Amberlite, CG-120) was 
transformed into the chloride form with 6 M HCI in a 600 ml 
teflon beaker for one week. 
2) 10 ml of the resin slurry was placed into a 60 ml clean Quartz 
colum.l. 
3) The resin was washed with 50 ml of 8 M HN0 3 followed by 50 ml 
of mixed acid (1 .13 M HN03-O.63 M Hel). 
4) The sample solution (in 2 g of the mixed acid) was transferred 
onto the cation exchange column. 
5) 50 ml of mixed acid was added to the column; and major 
elements were eluted, and discarded. 
(S) The REE were collected using 25 ml of 8 M HN0 3 . 
(7) The solution containing the REE's was evaporatec to dryness in 
a 30 ml teflon beaker. 
(8) The residue was dissolved in 0.5 9 of 8 M HN03 , and diluted to 
a weight of 2 9 using 0.2 M HN03 in a disposable spray chamber. 
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(9) The sample solution was spiked with internal standards as 
described in Chapter 2. 
(10) 0.05 9 of a 3 ppm solution of Th was added to monitor oxide 
formation. A drop of 0.05% solution of the surfactant . Triton 
X-1OO, in water was added. 
Table 3.5 Description of the geochemical reference materials used in this 
study, and their suppliers 
Sample Supplier Material 
peC-1 U .S.G.S. (United State Geological peridotite 
Survey, U.S.A.) 
AL-l GIT-IWG (Group International de albite 
Travail-International Working Group) 
FK-N A.N.R.T. (Association National de la potash feldspar 
Recherche Technique). France 
NBS70a N.B.S. (National Bureau of potash feldspar 
Standards), U.S.A ., now NIST 
(National Institute of Standards and 
Technology) 
NBS99a N.B.S. (National Bureau of soda feldspar 
Standards), U.S.A., now NIST 
(National Institute of Standards and 
Technology) 
3.3.3 RESULTS AND DISCUSSION 
Limits of detection, defined here as 3 times the standard deviation of the 
difference between the count rate of a sample and n replicates of the 
63 
calibration blank, is calculated as [3 -a+v'(1 In + 1 )). Solid limits of detection, 
for sample weights of 1 00 mg dissolved in 2 g solution, based on 6 
determinations of the calibration blank (n = 61, are 0.01-0.1 ppb (Table 3.6 and 
Figure 3.5). 
The results for the REE in the 5 international reference materials analyzed 
by recycling nebulization ICP-MS are presented in Table 3.7 and Figures 3.6-3.8 
along with literature data (Govindaraju. 1989; and Jarvis, 1988). For the USGS 
reference material PCC-1. the agreement between this data and literature 
values (Govindaraju, 19891 for most elements, except Gd, is good (Table 3.7 
and Figure 3.6). The anomaly at Gd in the chondrite normalized diagram 
(Figure 3.6) indicates that the literature value is suspect. Relative standard 
deviations for duplicates are less than 15 % (Figure 3.7) . Reference materials 
FK-N, AL-1, NBS70a and NBS99a ale alkali feldspars. Analytical results are 
close to the literature values (Table 3.7), and show similar chondrite normalized 
patterns (Table 3.7 and Figure 3.8'. Further work, such as isotope dilution and 
conventionallCP-MS analyses, are required to establish whether the differences 
are due to losses in sample preparation, inaccurate literature values, or sample 
heterogeneity. Sample heterogeneity has been observed in Pb concentration 
in alkai feldspars (Housh and Bowring, 1991) 
64 
Table 3.6 Solid limits of detection by recycling nebulization ICP-MS after 
preconcentration. 
Element La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu Y 
LO(ppb) 0.3 0.70.2 0.8 0.70.8 0.7 0.090.5 0.1 0.6 0.1 0.5 0.4 0.1 
3.3.4 CONCLUSIONS 
A recycling nebulization ICP-MS micro-sampling technique has been 
demonstrated to determined ultra-trace REE concentrations in 5 selected 
geochemical reference materials. For homogenous samples (e.g .. PCC-l ). very 
good results are obtained . There are significant problems with sample 
heterogeneities in using small samples to determine ultra trace concentrations. 
For these types of sample, a certain minimum number of determinations (or 
increasing sample size) are required to obtain representative values . 
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Table 3.7 Concentrations (ppm) in geochemical reference 
samples determined by recycling nebulization rCP-MS. The data 














































































La is not reported here due to PCC-1 sample powder being 

















































































FK-N (Potash Feldspar) 
No.1 No.2 Average Literature values 
(a) (b) 
J ... a 0.16 0.14 0.15 1.0 1.000 
Ce 0.22 0.23 0.23 1.0 0.691 
Pr 0.017 0.019 0.018 0.072 
Nd 0.054 0.065 0.060 0.3 0.2)1 
Sm 0.012 0.024 0.018 0.06 0.058 
Eu 0.10 0.12 0.11 0.42 0.302 
Gd 0.016 0.017 0.017 0.05 0.047 
Tb 0.0024 0.0026 0.0025 0.01 0.009 
Dy 0.015 0.018 0.016 0.06 0.046 
Ho 0.0032 0.004 0.0036 0.011 
Er 0.010 0.013 0.012 0.04 0.032 
TIn 0.0017 0.0021 0.0019 0.007 
Yh 0.014 0.0167 0.015 0.04 0 . 034 
Lu 0.0022 0.0028 0.0025 0.01 0.006 
Y 0.10 0.10 0.10 0.3 0.310 
NBS70a (Potash feldspar) 
No.1 No.2 Average Literature 
Values ( b) 
La 0.091 0.060 0.075 0.161 
Ce 0.12 0.093 0.10 0.402 
Pr 0.016 0.013 0.014 0.059 
Nd 0.062 0.063 0.062 0.2~9 
Sm 0.020 0.027 0.023 0.074 
Eu 0.14 0.12 0.13 0.397 
Cd 0.029 0.029 0.029 0.081 
Tb 0.0052 0.0056 0.0054 0.020 
Dy 0.039 0.044 0.042 0.117 
Ho 0.0092 0.010 0.0097 0.027 
Er 0.029 0.032 0.031 0.081 
TIn 0.0049 0.0057 0.0053 0.014 
Yb 0.049 0.036 0.042 0.081 
Lu 0.0094 0.014 0.012 0.012 
Y 0.23 0.20 0.215 0.630 
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NBS99a (Soda Feldspar) 
No.1 No.2 Average Literature 
Values(b) 
La 1.1 0.75 0.94 1. 00 
Ce 2.2 1.6 1.9 2.44 
Pr 0.28 0.21 0.24 0.326 
Nd 1.2 0.86 1.0 1. 25 
Sm 0.29 0.21 0.25 0.323 
Eu 0.41 0.36 0.38 0.575 
Gd 0.26 0.20 0.23 0.292 
Tb 0.032 0.025 0.029 0.042 
Dy 0.15 0.12 0.14 O.lBO 
Ho 0.023 0.018 0.021 0.031 
Er 0.053 0.042 0.048 0.068 
Tm 0.0070 0.0053 0.0061 0.009 
Vb 0.037 0.031 0.034 0.055 
Lu 0.0052 0.0048 0.0050 0.008 
V 0.54 0.39 0.465 0.718 




, • 1.00 mg level (n=3) 
o 0.10 mg level (n=3) 
" 0.01 mg level (n=3) 



















literature value is suspect-- ... 
Ba Ce Nd Eu Tb Ho TIT! Lu 
La Pr Sm Gd Oy Er Yb 
Figure 3 1 Mean chondrite-normalized data for the geological reference matenal, 
BR, for differei1t masses of sample: (a) 100 mg level (n=3), (b) 0.10 mg level 
( ... ,=3), (c) 0.01 mg level (n=3), and (d) data from Govindaraju (1989) The literature 
value for Ho, indicated by an arrow is suspect The value for Ce at the n 01 mg 
level may ;ndicate sample inhomogeneity 









• 1.00 mg level (n=3) 0 0.50 mg levE' l (n=3) 
6 0.20 mg level (n=3) x 010 mg leve l (n=3) A.. 001 mglevel(n=3) 
~ 
Rb Y Cs La Pr Sm Gd Oy Er Yb Hf 
Sr Zr Sa Ce Nd Eu Tb Ho Tm Lu 
Figure 3.2 Relative standard deviation for different sampled masses of the 


























(A) <> between 001 mg level (n=3) I 
(8) - within cne digestion sample solution dih lIed to I 




I V i 
Rb Sr Y Zr Cs Sa La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb 
Figure 3.3 Relative standard deviation for analyses of the geological reference 
rr.aterial, BR Results are given for A, the analysis of three separate digestions of 
0.01 mg weight in 2 9 of solution, and B, the analysis (n=4) of a single sample 
digestion of 100 mg weight diluted to the same concentration (equival.-:nt to a 
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... 0.01 mg 
<> 050 mg 






Rb Sr Y Zr Hf Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb lu 
Figure 3.4 Solid limits of detection for various sample weights: 1.0, 0.5, 02, 0.1, 
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Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Figure 3.5 Limits of detection for a solid sample of 100 mg taken to a final volume 
of 2 g. A REE ion-exchange separation procedure is required 









• PCC-1 (this work, n=2) 
""j PCC-1 (Govindaraju, 1989) 

















Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 
Figure 3.6 (a) Concentrations (ppm) and (b) mean chondrite-normalized data for 
the geological material, PCC-1 in this work and literature values (Govindaraju, 
1989). The REE in 100 mg samples were separated using ion exchange and 
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00/0 ~--~~--~--~--~--~--~--~--~--~--~---
Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Y Lu 
Figure 3,7 Relative standard deviation for analyses (n=2) of the g. logical 
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• This work 
Jarvis (1988) 
" . . _.-. - ""6 
La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 
Figure 3.8 Mean chondnte-normalized data for the geological reference materials: 
(a) AI-1 , (b) FK-N, (c) NBS70a, and (d) NBS99a in this work (n=2) and literature 
values (Govindaraju, 1989: and Jarvis, 1988) The REE in 100 mg samples were 
separated using ion-exchange and taken tl' a final solution weight of 2 g 
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CHAPTER 4 
LASER ABLATION MICROP~OBE-INDUCTIVEL V COUPLED PLASMA-MASS 
SPECTROMETRY (LAM-ICP-MS) AND ITS APPLICATIONS TO THE IN-SITU 
DETERMINATION OF THE PRECIOUS METALS IN MINERALS 
4.1 INTRODUCTION 
Copper-nickel suiphide deposits commonly contain economically important 
concentrations of the platinum-group elements (PGE). Detailed mineralogical 
studies in the last two decades havt! provided a good understanding of the 
distribution of the PGE in platinum-group minerals (PGM)' but the acquisition 
of data on the distribution of trace PGE concent~ations in sulphide minerals in 
Cu-Ni deposits has not progressed as rapidly (Cabri et al., 1984). The 
determination of the concentrations of the precious metals in individual mineral 
phases has been the goal of many investigations. It is always possible that the 
bulk analysis of a mineral separate for these trace metals runs the risk that a 
few highly enriched precious metal phases are included in the analyzed mineral 
separates. The development of in-situ ",icroanalytical techniques at trace levels 
has long been a dream of earth scientists. The electron probe is restricted by 
its high detection lim:ts; 1000 ppm is typical (Cabri et at., 1984). M:cro 
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proton-induced X ·ray emission (PIXE) which uses a proton probe (beam size 5 -
20 pm), yields a sensitivity only 3 to 30 times better than the electron probe 
(Remond et al., 1987). Secondary ion mass spectrometry (SIMS), an ion 
microprobe, also has been used with reported detection limits near the ppm 
level (Chryssoulis et al., 1989). Accelerator mass spectrometry (AMS) has also 
been used to analyzed these elements (Wilson et al., 1991; Aucklidge et a/.. 
1992; and Chai etal., 1993). Typically, however, th~ beam diameter is 0.5 
mm which is normally far too large to be focused on individual grains (AlIcklidge 
et al., 1992). Because of the expense in running an AMS machine, and the 
difficulties of reproducible preparation of samples, Rucklidge et al. (1 992) did 
not consider this a viable method of analyzing sulphide concentrates for trace 
elements (Rucklidge et al., 1992) . Also, the ion probe, PIXE and AMS are too 
costly for most earth scientists . 
Interaction of laser radiation with a solid has been reviewed thoroughly by 
Darke and Tyson (1993). This intemction may cause ablation including 
vaporization by processes that depend upon both the characteristics of laser 
beam and the physical properties of the solid. The ability of focused laser 
radiation to volatilize virtually a. 'y material has provided the analytical chemist 
with a versatile method of direct solid sampling for subsequent analysis . The 
history and recent developments of laser ablation introduction systems have 
been extensively reviewed by Moenke-Blankenburg (1989). Sample 
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introduction by the laser ablation offers several advantages over conventional 
pneumatic nebulization. These i:lclude: reduced reagent and labour costs; 
elimination of dilution errors; minimization of reagent contamination; avoiding 
sample transfer losses arising from sample-handling steps; application to 
dissolution-resistant minerals (e.g., tourmaline, wolframite, beryl, rutile, zircon, 
chromite, and cassiterite); avoiding volatile element loss (e.g., As, Se and Bl; 
avoiding some interferences; and providing spatial information by allowing 
analvsis of small selected areas. 
Withir"l the last several years laser sampling of solids has been combined 
with various analytical techniques such as atomic absorption (Dittrich and 
Wennrich, 1984), microwave-induced plasma atomic emission (Ishizuka and 
Uwamino, 1980)' DCP atomic emission (Mitchell, 1987). ICP-AES (Darke et al., 
1989a; Thompson et al., 1989; Su and Lin, 1988); ICP-MS (Gray, 1985; 
Arrowsmith, 1987: Hager, 1989; Darke et al., 1989b; Williams and Jarvis, 
1993; Jarvis and Williams, 1993; Fedorowich et al., 1993; Longerich et al., 
1993; and Jackson et al., 1993) with varying degrees of success. Direct laser 
sampling of powdered mecerials of rock for ICP-AES was studied using a carbon 
dioxide laser (Lin and Peng, 1990). There are, however, potential difficulties 
associated with laser ablation techniques. Previous investigators have shown 
that the sensitivity of laser sampling with ICP-MS detection is dependent on the 
mode of the operation of laser (long or short pulse duration), physical properties 
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of the solid and calibration strategy. 
In this chapter, a laser ablation microprobe-inductively coupled plasma 
spectrometry-mass spectrometry (LAM-ICP-MS) is described and its application 
to the in-situ analysis of precious metals in minerals is demonstrated. 
4.2 PRINCIPLES Of THE LASER ABLATION MICROPROBE IN ATOMIC 
SPECTROMETRY 
Analytical atomic spectrometry consists of four types: atomic absorption, 
atomic emission, atomic fluorescence, and atomic mass spectra. In all these 
cases, free atoms or ions are required for the interaction with light energy. The 
sampling-generation of free atoms or ions by dissociation and ionization can be 
achieved either in one step (e.g .• arcs, sparks. and discharge) or in two steps 
(e.g., combination of an arc with an inductively coupled plasma). The potential 
use of laser light as a vaporization. dissociation and excitation source for 
spectrometric analysis was known soon after the first report of laser action in 
ruby (Maiman, 1960). A laser beam focused by the optics of a microscope on 
the surface of a solid can lead to the evaporation of a microamount of the 
sample. 
The role of lasers in atomic spectrometry can be divided into two 
distinctive categories. In the first, the laser is used both to ablate and ionize 
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the samples (one-step analytical processes), whilp, in the second, laser energy 
is used only to introduced materials into an ionizing device (two-step analytical 
processes) (Williams and Jarvis, 19931 . There are some differences between 
these two versions of operation. In one-step techniques, the laser energy 
affects the sampling, the atomization, and the excitation. Since the ablated 
material is not fully vaporized, the measured signal is not a direct function of 
the measured crater volume (Dittrich and Wennrich, 1990). 
Two-step procedures have two nearly independent steps. The laser 
ablation (first process) deals only with sampling. After this first process, the 
microamount of laser ablated material is transported by a ~arrier gas to the 
second excitation process (e.g., ICPI . In the second process, the ablated 
material is evaporated, atomized, and excited by the second energy source. An 
advan~age of this two-step operation is the potential of increased efficiencies 
during the evaporation, atomization, and excitation steps . In this study, two-




The laser ablation microprobe-inductively coupled plasma-mass spectrometry 
J' ~ . ~ '.. ~..' .... • 
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(LAM-ICP-MS) system d9scribed by Jackson et al. (1993al. Longerich et al. 
(1993) and Jackson et al. (1993b) was used for this study. The LAM system 
consists of a laser, steering optics, a petrographic mi.:;roscope, a TV viewing 
system, and a sample cel! (Figure 4.1). A Q-switched YG 660 - 10 Nd :Y AG 
laser (Santa Clara, California), with maximum 320··mJ pulse energy at 1064 nm 
wavelength i" the near infrared, with a maximum repetition rate of 1 0 Hz, was 
used to ablate the selid samples in this study. Ti~e basic laser has been 
upgraded with temperature-stabilized frequency doubling and quadrupling optics 
which prod uce second and fourth harmonics of the fundamental output (1064 
nm) at 532 nm in the visible green, and at 266 nm in the ultra violet. The 
wavelength separation optics allow the operator to select one of the three 
possible beams. The steering optics consist of dielectric mirrors, with a 
diameter of 25 mm, coated for a 45° incident angle of the Inser beam. The 
microscope is a Nikon Optiphot (Tokyo, Japan) with transmitted and reflected 
polarized light sources, and a trinocular viewing eyepiece. The sample cell used 
for ablation (Figure 4.2) has top and bottom quartz windows (ESCO Products . 
Inc., New Jersey, 12-IR quartz disc, P210215, 25.4 mm diameter, 3 .18 mm 
thick) mounted i'l a cylindrical brass body, 100 mm in internal diameter and 50 
mm high, with tangential arms for gas inlet and outlet. The sample to be 
ablated can be: 1) mineral mounts, 2) thin sections, 3) opaque sections, or 41 
pOlished slabs. The sample was placed on a circular PTFE base, which is 
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sealed with an O-ring. The base can easily be removed for sample changeover. 
The whole assembly can be mounted on the microscope stage. After each re-
sealing. a 3-4 second period was allowed to elapse before reconnecting the 
argon carrier gas flow. to flush l,.~ air out of the cell. The ablated material was 
carried along 1.5 m of 3 mm i.d. connecting Tygon tube to the ICP plasma 
torch by an argon gas flow of 1.3 I min" via a sheath gas junction (Beauchemin 
and Craig. 1990) inserted between the spray chamber and the torch, which is 
used without a solution nebulization spray chamber. Sample changIng is 
straightforward, and similar to that used with the recycling nebulization system 
(see Chapter 2 of this thesis. and Chen et al.. 1992b). Laser operating 
conditions are presented in Table 4.1. 
Table 4.1 Laser operating conditions 
Laser mode a-switch Nd:YAG laser 
Laser energy 1-320 m.J/pulse 
Pulse width 10 ns 
Repetition rate 2,5, or 10 Hz 
Wavelength 266, 532, or 1064 nm 
Pit diameter 20-50 JJm 
Aerosol transportation tube 3 mm i.d. x 2 m 
Carrier gas flow 1.3 I/min 
-
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The ICP-MS instrument used in this study was the modified SCIEX (now 
Perkin-Elmer SCIEX) ELAN model 250 ICp·MS described in Chapter 2. The 
instrument has been upgraded to the model 5000 computer system using 
Perkin-Elmer supplied hardware and software for model 250 and 500 
instruments (Chen et aI, 1992b). New ELAN 5000 software. from 
Perkin-Elmer, version 2.0-ICPS (a modification of version 2 .0 which 
incorporates an ICP Shut off er.hancement) was used. As described by 
Jackson et al. (1993), initial alignment of the instrument was usually performed 
using solution nebulization, and optimisation for LAM was performed using 
selected elements in the spiked silicate glass NBS (now NIST) standard 
reference material 612 by ablation at 5 Hz to obtain a steady signal. For each 
analytical run, the nebulizer gas flow was adjusted, using the NBS 612 glass. 
so that maximum sensitivity was obtained. Other ICP-MS operating conditions 
are given in Table 4.2. 
4.3.2 STANDARD AND SAMPLE PREPARATION£ 
Since there are no sulphide standard reference materials available for precious 
metals, synthetic fire assay NiS beads were used as reference materials in this 
study. The collection procedures and reagents for a nickel sulphide fire assay 
has been described by Jackson et al. (1990) (Appendix I). The bead (used as 
a standard) was cut. polished, and mounted in epoxy for analysis. 
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Table 4.2 ICP-MS operating conditions 
Inductively coupled plasma: 
Plasma gas Argon 
Forward power 1200 W 
Reflected power <5 W 
Gas flow: 
Plasma (outer) gas flow-rate 13.0 I min-' 
Auxiliary (intermediate) gas flow-rate 1.3 I min-' 
Nebulizer (inner) gas flow-rate 1.03 I min-' 
Interface: 
Sampling distance (load coil to sample aperture) 21 mm 
Sampling aperture NiCkfJI. 1 _ 1 mm diameter 
Skimmer aperture Nickel. 0.9 mm diameter 
Ion lens settings: 
Biens 7.0 V 
. 
P lens -9.0 V 
E-1 lens -19.8V 
S-2 lens OV 
Data acquisition parameters: 
measurement mode multichannel 
Replicate time 200 ms 
Dwell time 10 ms 
Sweeps/replicate 20 
Number of replicates 60 
Points across peak 1 
Resolution Normal 
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Sample chips to be analyzed were mounted in epoxy. and 'then polished. 
4.3.3 DATA ACQUISITION AND CALIBRATION 
Mass selection and molecular interferences are listed in Table 4.3. The 
sensitivities were measured by external standardization (SARM- 7 NiS bead). 
Background was established by acquiring data for approximately 60 s prior to 
ablation (Jackson et al .• 1993). Ablation of samples was performed at 10Hz. 
and the laser was fired for 40 seconds. Samples were run in the following 
sequence: standard (SARM-7 NiS bead). standard, sample 1 .... , sample 7, 
standard, standard, etc. As described by Jackson et al. (1993). data was 
transmitted to a PC and processed off-line using spreadsheet software. A 
mean background intensity was calculated from count rates for each element 
during the preablation data acquisition period. Tr.e mean sample elemental 
intensities were then calculated as the mean count rate during the ablation 
signal. The net background corrected intensities were then calculated. The 
signal from 345 was used as the intf ,Ial standard to correct for drift, ablation 
efficiency, and matrix effects. The most si\Jnificant interf~rences in the suit' of 
elements determined in this study are the argon polyatornic ions of Co, Ni, Cu, 
and Zn on Ru, Rh, and Pd. .~fter instrumental drift, matrix effects, ablation 
efficiency, and polyatomic interferences were corrected, sample concentrations 
were calculated by external calibration using the mean sensitivity of the 4 
. .' 
.' . . ' ,. 
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temporally closest calibration standards. 
Table 4.3 Analytical masses, isotope abundance, and molecular interferences 
for determination of precious metals by LAM-ICP-MS 
Element Mass Isotopic abundance Interference 
S 34 4.2% 
Co 59 100% 
Ni 61 1.16% 
Cu 65 30 .9% 
Zn 67 4.1% 
Ru 99 12.7% 59Co4OAr· 
Rh 103 100 !l3Cu4OAr· 
Pd 104 11 .0% 64Zn40Ar· 
84Ni4GAr· · lO4Ru · 
Pd 105 22 .2% !lSCu 40 Ar + 
Pd 108 26 .7% 68Zn40Ar·, lOBCd+ 
Cd 111 12.8% 
Ir 193 62 .6% 
Pt 195 33 .8% 
Au 197 100% 
4.4 RESULTS AND DISCUSSION 
One of the fundamental advantages of the lAM-ICP-MS system is the almost 
complete separation of the ablation process from the excitation process. The 
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ablation process produces vapour phase products, some of which are excited . 
The sample material, regardless of its physical state, is efficiently transmitted 
to the ICP where the high temperature (> 60000CI dominantly produces singly 
charged ions with very high efficienCies for most elements (Longerich et al., 
, 993a). There is a rp,duction of oxygen content of the sample by a factor of 
over 1000 when the solid mineral is introduced compared to the introduction 
of an aqueous whole rock solution prepared at a dilution of 1 g rock/Kg 
(Longerich et al., 1993a). This reduction 0f oxygen in the plasma reduces 
oxide polyatomic ion interferences by a factor of 10. Solution nebulizacion 
studies indicated that the ratios CuAr+ ICu + , NiAr+ INi + , and NiCI + INi + each vary 
approximately proportionally to ThO+lTh+ (Jackson etal., 19901. However. 
this relationship for the dry sampling of laser ablation is unknown. It is possible 
that the reduction of oxide polyatomic ions may coincide with a decline of 
argon polyatomic ions. 
Major sulphide ore minerals from mineral deposits in the Sudbury area, 
Ontario, have been analyzed with the Heidelberg proton microprobe by Cabri 
et al. (1984) in a search for trace quantities of the platinum-group elements 
(PGE). They reported no detectable PGE because of high limits of detection 
(1.2 to 3 ppm for Pd and Rh, and 50-60 ppm for Pt) . Using LAM-ICP-MS to 
determine the precious metals, greatly improves solid limits of detection which 
range from 30 to 240 ppb (Table 4.4). This increased sensitivity might allow 
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the study of the distribution and partitioning of precious metals in the are 
sulphides at ppb concentrations . 
The strong absorption of Nd:YAG radiation (1064 nm) in sulphides, 
allowed ablation at low power and hence attenuation of the transmitted energy 
rapidly below the mineral surface avoiding catastrophic absorption within the 
minerals (Jackson et al., 1993a). Ablation produced cylindrical laser pits from 
30 to 50 pm in diameter for most sulphide minerals (Figure 4.3). However, 
small eject melt dropl6ts were observed. 
limits of detection, defined here as 3 times the standard deviation of the 
difference between the count rate of a sample and n replicates of the 
background, is calculated as f3*u+V(1/n+1)). limits of detection are 
presented in Table 4 .4 and Figure 4.4. 
To demonstrate the capability of LAM-ICP-MS to determine in-situ 
precious metal concentrations, and to examine the distributions of the elements 
in sulphides, the major sulphide minerals from the Deep Copper Zone of the 
Strathcona Cu-Ni sulphide deposit were analyzed, and the analytical results are 
presented in Table 4.4. The concentrations of the precious metals in the 
sulphides are generally below the limits of detection ( Table 4.3). One of the 
chalcopyrite ablation events showed an extremely high concentration of Pt 
indicating the presence of a tiny Pt-rich inclusion in the mineral. A 10 second 
transient Pt Signal was observed during 35 seconds of ablation (Figure 4.5). 
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SerioLls interferences from the base metal-argon polyatomir. ions (Table 
4.3) hampered the accurate determination of the light precious metals. Further 
investigations are required to overcome these problems. The following 
suggestions are proposed for further study: (1) use of neon gas (more 
expensive) instead of argon; (2) use of a mixed nitrogen-argon gas to minimize 
argon polyatomic ion formation; or (3) using a high resolution mass 
spectrometer (Morita et al., 1989; Walder and Freedman, 1592) to resolve the 
molecular interferences. but with the loss of some sensitivity. 
Table 4.4 Analytical results (ppb) of sulphide minerals from the Strathcona 
Cu-Ni sulphide ores using the laser ablation microprobe ICP-MS 
Sample Mineral Ru Rh Pd Ir Pt Au 
91ZC15c Po 670 <43 <180 1900 177000 350 
91ZC15c Po <240 <43 < 180 <26 <88 <88 
91ZC15c Po <240 <43 < 180 <26 <88 <88 
91ZC15c Cpy <240 <43 1600 95 <88 <88 
91ZC15c Cpy 570 <43 <180 <26 <88 <88 
91ZC15c Ga 2100 <43 < 180 <26 <88 <88 
91ZC15d Po 890 360 < 180 <26 <88 150 
91ZC15d Po 270 <43 <180 <26 <88 <88 
91ZC15d Po <240 <43 360 <26 <88 <88 
91ZC15d Po 310 <43 < 180 <26 210 <88 
91ZC15d Cpy <240 <43 2100 30 <88 <88 
91ZC15d Cpy <240 <43 830 <26 320 <88 
91ZC16 Pn 380 <43 600 <26 <88 <88 
91ZC16 Pn <240 <43 510 <26 <88 100 
Limits of detection 240 43 180 26 88 88 
Po: pyrrhotite Cpy: chalcopyrite 
Pn: pentlandite G=I : galena <: below limits ot detection 
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4.5 CONCLUSIONS 
Although lAM-ICP-MS has been demonstrated as a promising new technique 
for the determination of in-situ trace and ultra-trace elements in minerals 
(longerich et al., 1993a; Jackson et al .. 1993; and Fryer et al., 1993), analysis 
of precious metals in sulphides by lAM-ICP-MS in this study was not very 
successful. Solid limits of detection range from 30 ppb to 240 ppb. It provides 
a useful technique to examine the distributions 01 precious metals. particularly 
the heavy PGE (lr, Pt) and Au in sulphide minerals. However, serious 
interferences of base metal-argon polyatomic ions on Ru. Rh. and Pd were 
observed . Further developments are required to minimized these interference 
to improve Ru. Rh. and Pd analytical results. The analytical results of sulphide 
minerals from the Deep Copper Zone of the Strathcona Mine indicate very low 
precious metals contents in solid solution. Therefore. analytical techniques 
using mineral separates will be utilized in further work in this thesis. 
WP;: quarter wave plates (1064 nm) 
HG. SHG ;: fIrSt, second hannonic generator 
;: dielectric mirror (1.2-532 nm; 3,4-266 nm; 5-1064 nm; 6.7-interchangab!e) 
= dielectric poiariser (1064 nm) 
WP;: half wave plate (1 - 1064 nm; 2 - 532fl66 nm) 
LAN = 91an laser calcite prism polariser 
= binocular prism 
= analyser 
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Figure 4.1 Schematic drawing of the laser ablation microprobe system (Jackson et al .. 1992. v.G, Goldschmidt 










1) Mineral Mounts 
2) Thin Sections 
3) Opaque Sections 
4) Slabs 
W: Quartz Windows 
M: Mirror 
L: Lenses 
Figure 4.2 Schematic drawing of sample cell for laser ablation microprobe-
inductive coupled plasma-mass spectrometry (LAM-ICP-MS) 
Figure 4.3 Scanning electron micrographs of laser ablation pits in pyrrhotite (a, b, c, and d), 
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Figure 4.5 Analytical signal from one of the in-situ laser ablation analysis of 
chalcopyrite using LAM-ICP-MS showing the presence of micro-platinum rich 




DETERMINATION OF THE PRECIOUS METALS IN MILLIGRAM SAMPLES OF 
SULPHIDES AND MAGNETITE AFTER PRECONCENTRATION USING ION 
EXCHANGE WITH AN AUTOMATED 2 SPEED PERISTALTIC PUMP SPEED 
CONTROLLER AND INDUCTIVELY COUPLED PLASMA-MASS 
SPECTROMETRY 
5.1 INTRODUCTION 
The determination of the natural concentrations of precious metals must take 
into consideration their occurrence in rare. discrete. and in homogeneously 
distributed minerals. The analysis of rocks and ores for the:::e elements is often 
performed on large (10-60 gl ~~amples using fire-assay collection to obtain 
representative bulk concentrations. To examine the distribution of these 
elements with:n and between minerals require: analytical techniques using a 
more specific microsampling technique. This study utilizes the h;gh sensitivity 
of ICP-MS to determine Ru. Rh. Pd. Re. Ir. Pt. and Au concentrations to study 
the distribution and partitioning of these elements among coexisting 
chalcopyrite, pyrrhotite. pentlandite. and magnetite. 
Serious int£ rference of base metal-argon polyatomic ions and matrix 
, . . 
. , ~ '.,' , ' '. 
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effects hamper the accurate determination of prt'cious metals, and require 
Quantitative separations of precious metals from base metals (Jackson et al., 
1990 and Chapter 4). Solvent extraction (Shrendrikar and Berg, 1969; Hahn-
Weinheimer, 1958) or Te precipitation (Sand-all, 1959; Fryer and Kerrich, 1978) 
have been used for the separation of precious metals from the matrix elements 
in samples. Cation exchange has also been used for separation of Pd and Pt 
(Plummer and Beamish, 1959), Rh (Saint and Beamish, 1961). Ir (Tertipis and 
Beamish, 1962) and Ru (Zachariasen and Beamish, 1962). However, 
separation of the seven precious metals in a single step using cation exchange 
is a more difficult procedure. 
In this chapter, a method for the Quantitative separation of s~ven precious 
metals (Ru, Rh, Pd, Re, Ir, Pt , and Au) from large amounts of associated base 
metals in dilute hydrochloric acid solutions using a strongly acidic cation 
exchange resin, Amberlite CG-120, is described. The method has been applied 
to the determination of precious metals in small quantities (2-20 mg) of high 
purity sulphide and magnetite mineml separates using a high sensitivity 
ir'lductively coupled plasma-mass spectrometry (lCP-MSI. Solid limits of 
detection for a 20 mg sample are less than 4 ppb for Ru, Rh, Re, Ir, Pt, and 
Au, and 29 ppb for Pd due to the high memory in the calibration blank from 
sample solutions. Analyses of nickel sulphide fire assay beads of the reference 
material, S~.RM-7, show good agreement with certified values, with relative 
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standard deviations (RSDI of less than 8%. Poor accuracy for Au is due to 
sample heterogeneity of the nickel sulphide bead used for analysis . 
Data from the analysis of sulphide and magnetite minerals from the 
Sudbury copper-nickel sulphide ores demonstrate the ability of the method :0 
make useful determinations of precious metals for the study of ore genesis. 
5.2 INSTRUMENTATION 
The instrument used in this study was described in Chapter 2. New ELAN 
5000 software, from Perkin-Elmer, version 2.0-ICPS, was used. An automated 
2 speed peristaltic pump speed controller was used to control the sample 
solution uptake rate for analysis of small sample volumes (Longerich, 19931. 
With this pump controller, it is pos~ible to red lice solution uptake during data 
acquisition to low rates (e.g., 0 .4 g min'! in this study), allowing the automated 
analysis of reduced amounts of sample solutions at Slightly reduced analyte 
count rate (Longerich, 1993). Compared with the recycling nebulization micro-
sampling technique described in Chapter 2, an automated 2 speed peristaltic 
pump speed controller required a little more sample solution (about 3 gl. but it 
was fully automated. For each analytical run, the nebulizer gas flow was 
adjusted, using a solution containing 100 ppb of Rh, Cs, Bi, and U, so that: (1) 
. . 
" " l> • " • I' A.' '. 
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UO+ /U+ <0.25; (2) sensitivity (count sec·1 /ppb) of Rh> 1000, and (3) 
sensitivity of Bi> 500. These conditions represent a compromise between 
maximum sensitivity and minimum pol\latomic ion formation. Other ICP-MS 
operating conditions are given in Table 5.1. 
5.3 REAGENTS AND SAMPLE PREPARATION 
Certified American Chemical Society (A.C.S.) acids were distilled in nonboiling 
quartz or teflon stills and diluted with Barnstead Nano-pure deionized-distilled 
water. A strongly acidic cation exchange resin Amberlite, CG-120 (Sigma 
Chemical Co., St. Louis, Missouri) was used. 
Since there are no sulphide and magnetite mineral separate reference 
materials available for the precious metals, synthetic NiS fire assay beads were 
used as reference materials in this study . The collection procedures and 
reagents for a nickel sulphide fire assay have been described by Jackson et al. 
(1990) (Appendix I). Standard and spike solutions for each element were 
prepared from Plasma Grade powders ISPEX Ir,dustries, Metuchen, New Jersey, 
U.S.A.) using HN03, HCI and deionized-distilled water. All sample and standard 
preparations were cerried out in a Class 100 clean laboratory facility except for 
the NiS fire assay collection. 
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Table 5.1 ICP-HS operating conditione 
Inductively coupled plasma: 
Pla.ma ga. Argon 
Forward })C)W_er 1200 W 
Reflected power <S W 
Ca. flow: 
Pla.ma (outer) ga. flow-rate 13.0 1 min"1 
Auxiliary (intermediate) ga. flow-rate 1.0 1 min"' 
Sample .olution flow rate 0.4 ml/min"' 
Nebulizer (inner) gas flow-rate 1.12 1 min"' (see text) 
Interface: 
Sampling distance (load coil to sample 21 mm 
aperture) 
Sampling aperture Nickel, 1.1 mm diameter 
Skimmer aperture Nickel, 0.9 mm diameter 
Ion len. .etting.: 
B len. 7.S V 
P lene -9.2 V 
E-l len. -9.6 V 
5-2 lens o V 
Data acquisition parameters: 
mea.urement mode multichannel 
Replicate time 6 8 
Dwell time 10 me 
Sweep./replicate 600 
Number of replicate. 1 
Point. acro.. peak 1 
Re.olution Normal 
Auto.ampler .etting: 
Sample delay 70 s 
Wa.h delay 210 e 
Rabbit delay 60 s 
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All the sulphide and magnetite minerals are ~rom Strathcona Ni-Cu ores, 
Sudbury, Ontario. Ten samples of approximately 1 Kg of are were first crushed 
and sieved. All the mineral separates were hand-picked from the 60 mesh 
fraction under a binocular microscope. Their purities were checked by X-ray 
diffraction (XRD). 
Saml"'le dissolution was as follows: 
1) 2-20 mg of sample grains (NiS bead, sulphide minerals or magnetite) 
was dissolved in a 15 ml covered screw-top teflon jar at 150°C 
(Savillex) using 1 ml 6 M HCI overnight. The jar was opened and 
the sample was evaporated to dryness at 75-100oC. 
2) The residue was dissolved in 1 ml of aqua regia (3 parts of 
concentrated HCI and 1 part of concentrated HN03 in a covered 
teflon jar overnight. After all the sample was dissolved, the jar was 
opened and the sample solution was evaporated to dryness . 
3) The residue was then dissolved in 1 ml of 6 M HCI in covered teflon 
jars, and then evaporated to dryness in open teflon jars at 75-
100°C. 
4) Step (3) was repeated twice. 
5) The sample residue was finally dissolved in 1 ml of 0.2 M HCI for 
subsequent cation exchange separation. 
5.4 SEPARATION OF PRECIOUS METALS FROM ASSOCIATED BASE 
METALS BY ION EXCHANGE 
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All experiments for the separation of precious meta:s from associated base 
metals by ion exchange were carried out in a Class 100 clean laboratory 
facility. 
5.4.1 SEPARATIONS BY ANION EXCHANGE 
An anion exchange resin Dowex 1 has been used to separate ruthenium from 
tellurium, cesium, and rare elements (Suvic, 1957). A procedure for the 
separation of rhodium and iridium by an anion exchanger (Amberlite IRA·400) 
has been reported by Berman and McBryde (1958), and Marks and Beamish 
(1958) . None of these methods reported a complete separation for all PGE and 
Au from the matrix elements in a single column. In this study, the following 
experiment was conducted to establish the Quantitative separation of the 
precious metals from the base metals in a single column by anion exchange. 
5.4.1.1 EXPERIMENT PROCEDURE: 
1) A synthetic precious and base metal solution (26.6 ppm Cu, 19.7 
ppm Ni, 37.4 ppb Ru, 21.1 ppb Rh, 36.7 ppb Pd, 19.4 ppb Re, 19.0 
ppb Ir, 37.5 ppb Pt, and 12.8 ppb Au) was prepared from stock 
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solutions. 
2) 2.5 g above solution was evaporated to dryness in a open teflon jar . 
3) 1 ml of aQua regia was added, and the sample solution was 
evaporated to dryness . 
4) 1 ml of 6 N Hel was added, and the sample solution was evaporated 
to dryness. 
5) Step 4 was repeated twice. 
6) The residue was dissolved in 1 ml of 0.1 M Hel. 
7) The anion exchange resin was transformed into the chloride form 
using 6 M Hel in 600 ml teflon beaker for one week. 
8) 3 ml of resin slurry was placed into a clean 10 ml quartz column . 
9) The resin column was washed with 20 ml of 6 M He!. followed by 
15 ml of 0.1 M Hel. 
10) The sample solution was transferred ~o the column and eluted with 
six 5 9 aliquots of 0.' M Hel, which were collected in 10 ml test 
tubes. 
11) The column was then eluted with ten 5 g aliquots of (a) 8 M HNO" 
and (b) aqua regia; which were collected in 1 0 ml test tubes. 
12) The eluted solutions were analyzed by lep-MS. 
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5.4.1.2 RECOVERY OF THE PRECIOUS METALS USING ANION EXCHANGE 
In an initial experiment. base metals were eluted using 30 g of 0.1 M Hel. 
and the precious metals were collected using 50 g of 8 M HN03 • Recoveries 
are presented in Table 5.2a. and elution curves shown in Figure 5.1 a. 
Recoveries of Ru, Rh. and Ir are good. but those of Pd. Pt, and Au are poor. 
Poor recoveries of Pt. Pd. and Au are due to significant retention of these 
elements on the resin since these elements probably were reduced. To avoid 
the problem of retention of Pt. Pd. and Au on the resin. 50 9 of aqua regia was 
used as a elutant. Recoveries are presented in Table 5.2b and Figure 5.1 b. 
The recoveries for Pd. Pt. and Au were improved. but are still variable due to 
the aqua regia reacting with the resin. It is impractical to use aqua regia 
oxidizing agents to release Pd. Pt. and Au as aqua regia destroyed the resin. 
This experiment has showed that an anion exchange is not practical for the 
separation of all the precious metais from the base metals. 
5.4.2 SEPARATIONS BY CATION EXCHANGE 
Since the precious metals were not efficiently recovered by anion exchange. a 
strongly acidic cation exchange was used as the alternative. The cation 
exchange separation of precious metals from base metals has been described 
(Beamish and Van Loon. 1977; Chung and Barnes. 1988; Sen Gupta. 19891. 
None of these methods reported a complete separation for all PGE and Au from 
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Table 5.2 Cumulate recoveries (%) of the precious metals by anion exchange 
using two differem elutants : (a) 8 M HN03• and (b) aqua regia 
(a) 
8M Ni Cu Au Ah Pd Ir Pt Au 
HN0 3 (%) (%) (%) (%) (%) (%) (%1 (%) 
5g 0 .18 2.85 4.93 86.6 14.8 64.4 1.85 10.1 
10 9 0.23 2.91 36.1 88.6 46.9 86.0 6 .90 18 .0 
15 9 0 .21 2.92 62.1 89 .0 69 .0 92.8 11.4 22 .8 
20 9 0 .31 2.99 90.1 89 .2 14.2 95.3 18.5 26 .6 
25 9 0.36 3.00 95.9 89 .4 16.6 96.4 25.6 31.5 
30 9 0.40 3.03 96.7 89 .5 19 .1 97.2 34.1 38.4 
3 5 9 0.45 3.01 91.0 89.1 83.5 97.8 47 .3 43.6 
409 0.48 3.08 97.3 89 .8 81.0 98.3 60.0 48 .4 
45 9 0.54 3.10 91.5 89.8 89 .9 98 .1 16.1 52.6 
50 9 0.60 3.13 91.1 90.0 93.2 99.1 93.9 54.1 
(b) 
Aqua Ni Cu Au Ah Pd Ir t>t Au 
Regia (%) (%) (%) (%) (%) (%) (%) ~%l 
5 9 0.19 0.59 0.73 84.9 1.95 82 .3 1.94 1.43 
10 9 0.47 2.02 23.5 88 .0 34.5 85 .4 9 .54 22 .4 
15 9 0.70 2.70 37.2 88 .1 46.5 87 .2 19.6 35.0 
20 9 0 .90 2.17 53.6 89 .2 55 .1 90.2 28.6 45 .5 
25 9 1.12 2.82 79.3 89 .8 62 .2 92 .8 39 .9 55.2 
30 9 1.34 2.89 89.8 90 .2 66.1 93.5 50.2 61 .0 
35 9 1.57 2.94 94.9 90 .. ' 73.9 94.5 62.0 71 .3 
40 9 1.94 2.99 96.2 91.1 81.2 95 .6 12 .4 80.3 
45 9 2.23 3.04 ' " ~I' ~ - . 91 .3 85.6 97.0 80.9 86.3 
50 9 2.45 3.08 9t:. . ,. 91.5 90.4 97 .8 92 .1 90.8 
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the matrix elements in a single column. In this study, 3 ml of a strongly 
acidic cation exchange resin Amberlite, CG-120, contained in a 10 ml Quartz 
column, was used. The following experiment was conducted to establish the 
Quantitative separation of the precious metals from the base metals by cation 
exchange. 
5.4.2.1 EXPERIMENT PROCEDURE 
1) 5 g of the synthetic solution used for anion exchange separation and 
20 mg of a synthetic SARM-7 NiS bead (solid) were placed in a 30 
ml teflon beaker. 
2)-6) Steps 2-6 of the experiment procedure used for the anion exchange 
separation were followed to dissolv~d the NiS bead. 
7) The cation exchange resin was transformed into the chloride form 
using 6 M HCI in a 600 ml teflon beaker for one week. 
8) 3 ml of the resin slurry was placed into a 10 ml clean quartz column. 
9) The resin was washed with 20 ml of 6 M HCI, followed by 15 mlof 
(a) 0.03 M Hel, (b) 0.1 M HCI, and (c) and (d) 0.2 M HCI. 
10) The sample solution was transferred to the column and eluted with 
(a) 0.03 M Hel, (b) 0.1 M, and (c) 0.2 M HCI in six 3 g aliquots 
which were collected in six 10 ml test tubes: and (d) 0.2 M Hel in 
fi ve 1 9 aliquots, which were collected in five 10 ml test tubes 
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11) For (a) and (b)' the column was then eluted with five aliQuots of 3 
g of 2.5 M Hel and collected in five 10 ml test tubes. 
12) The collected solutions were analyzed by ICP-MS. 
5.4.2.2 RECOVERY OF THE PRECIOUS METALS 
Recoveries of the precious metals are presented in Tables 5.3. The cumulate 
elution curves using different concentrations of Hel are illustrated in Figure 5.2 . 
In the initial experiment, precious metals were collected using 18 9 of 0.03 M 
HCI and results are presented in Table 5.3a and Figure 5. 2a. The recoveries of 
precious metals are 66-97% . To improved the recoveries. precious metals 
were collected using 18 g of 0.1 M Hel and results are presented in Table 5. 3b 
and Figure S.2b. Except for Pd, all the precious metals show over 95% 
recovery. Results of recoveries using 18 9 of 0 .2 M Hel as elutant are 
presented Table 5.3c and Figure 5.2c. Recoveries for Ru. Rh. Pd. Re . Ir. Pt. 
and Au are all over 99%. Finally the elution mass of 0 .2 M Hel was reduced 
to 109, and over 99 % recovery was achieved. In fact, the concentrations of 
precious metals in the first 1 9 fraction are insignificant, and the cUI"'lulate 
recoveries of the 2 9 through 5 9 fractions are over 97% (Table 5.3d and 
Figure 5.3d). 
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Table 5.3 Cumulate recoveries j%) of the precious metals by cation exchange 
using different weights and concentrations of HCI as elutant: (a) 18 9 of 0.03 
M HCI, (b) 18 9 of 0.1 M HCI, (e) 18 9 of 0 .2 M HCI, and (d) 10 9 of 0 .2 M 
Hel 
(a) 
0.03 M Ni Cu Ru Rh Pd Ir Pt Au 
HCI (%) (%) (%) (%) (%) (%) (%) (%) 
3g 0.05 0.02 63.3 52 .1 59.6 93.4 86.2 53.4 
-
6g 0.07 0 .04 68.4 58.0 65 .7 95 .7 88.5 67 .5 
9g 0.09 0.05 69.3 60 .B 67 .4 96.1 90.0 71 .7 
-
12 9 0.10 0.06 69.9 62.6 68.7 96.6 91.1 73.3 
15 9 0.12 0.07 70.5 63.8 69.2 96.8 91 .8 74 .8 
18 9 0.14 0.08 71.8 66.3 69.8 97 .2 92.6 75 .8 
(b) 
0.1 M Ni Cu Ru Rh Pd Ir Pt Au 
HCI (%) (%) (%) (%) (%) (%) (%) (%) 
3g 0.14 0 .02 93.5 95.0 83.2 94.9 92.9 78.2 
6g 0.19 0.04 95.9 97 .2 85.1 96.8 94.7 90.8 
9g 0.23 0.06 96.5 97.9 85.8 97.2 95.0 92.8 
12 9 0.26 0 .08 97.0 98.3 86.1 97.6 95.2 93.9 
15 9 0.28 0.10 97.3 98.6 86.4 97.9 95.4 94.7 
18 9 0.30 0.12 97.5 98.7 86.6 98.0 95 .6 95.5 
,. 
_ ' ' 1 • u 
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ie) 
0.2 M Ni Cu Ru Rh Pd Re Ir Pt Au 
HCI ( "10) (Ok) (%) (%) (%) (%) (%) (%) (%) 
3g 0 0 97.7 98 .5 96.8 96.6 98.5 97.6 88.3 
6g a 0 99 .2 99.4 98 .0 99.0 99 .6 98.8 97 .7 
9g a 0 99.4 99.5 99 .3 99.5 99 .7 99.2 99.6 
12 9 a 0 99.6 99.5 99.8 99.6 99.8 99.4 99.4 
15 9 a 0 99 .7 99 .6 99 .8 99.7 99 .9 99.6 99 .6 
18 9 a 0 99.8 99.7 99 .8 99.8 99 .9 99.6 99.7 
(d) 
0.2 M Ni Cu Ru Rh Pd Re Ir Pt Au 
HCI (%) (Ok) (%) (%) (%) (%) (%) (%) (%) 
1 9 0 0 0 a a 0 a 0 0 
2g 0 0 72.8 73 .1 74.3 39.6 75.7 73.3 0 .1 
3 9 0 0 99 .8 99 .9 99 .6 99.7 99 .8 99.7 62.4 
4g 0 0 100 100 99 .9 99.9 99 .9 99.9 86.5 
5 9 0 0 100 100 100 99.9 100 100 97 .1 
10 9 0 0 100 100 100 100 100 100 100 
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5.5 PROCEDURE FOR THE QUANTITATIVE SEPARATION OF PRECIOUS 
METALS FROM BASE METALS BY CATION EXCYANGE 
Based on the previously described experiments, the procedure fo: the 
quantitative separation of precious metals from associated base metals in 2-20 
mg of sulphide and magnetite mineral separates is as follows: 
1) The cation exchange resin was transformed into the chloride form 
using 6 M Hel for one week. 
2) 3 ml of the resin slurry was placed into a 10 ml clean quartz column. 
3) The resin was then washed with 20 ml of 6 M Hel, followed by 15 
ml of 0.2 M Hel. 
4) The 1 ml sample solution in 0.2 M Hel was transferred to the 
column, and the displaced solution discarded. 
5) 1 ml 0.2 M Hel was added to the column, and the eluted !:.olution 
was collected in a 15 ml screw top centrifuge tube ISarstedt). 
6) After the 1 ml of 0.2 M Hel was eluted and collected, a further 3 ml 
of 0.2 M Hel was added, and collected in the same container. 
7) After each separation, the resin was discarded, the column was 
cleaned, and new resin was added for the next separation. 
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5.6 DATA ACQUISITION AND REDUCTION 
The analytical masses and interferences are modified from Jackson et al. 
(1990) (Table 5.4). Since precious metals were Quantitatively separated from 
base metals, base metal-argon polyatomic ion interferences on Ru, RIl and Pd 
were not significant. Os was not determined because of its loss as volatile 
OsO" during the evaporation in open teflon jars. The sensitivities of all the 
analyte elements were measured in one of the external standard solutions 
(STDA, Table 5.5'. The elements Cd and TI were used as internal standards 
because of their close mass proximity (Cd for Ru, Rh, and Pd; TI for Re. Ir. Pt. 
and Au) (Jackson et al., 1990). Samples were run in the following sequence: 
acid calibration blank (0.2 M HCI), STDA, flush ~O.3 M Hel and 0 .4 HN01 ), 
STDB, acid calibration blank, sample 1, sample 2, ... , acid calibration blank, 
STDA, etc. After the data were collected, the backgrounds of elements Ru, 
Rh, Re, Ir,and Pt were calculated as the mean of two determinations of acid 
calibration blank closest to the samples. The backgrounds for Pd and Au were 
interpolated from the two determinations of the acid calibration blank closest 
to the samples, because of memory effect. Any Ta oxide interference on Au 
(from instrument memory) was calculated from count rates of STDS and 
samples. Matrix effects and drift were corrected with the two internal 
standards. After background, oxide interference, instrument drift and matrix 
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Table 5.4 Analytical ions and corrected interference 
Determined ion isotopic abundance corrected interference 
101 Ru + 17.1 % 
103Rh+ 100% 





1931r + 62.6% 
196pt+ 33 .6% 
197 Au+ 100% 181Ta160+ 
203TI+ 29.5% 
Table 5.5 Elements and concentrations for STOA, STOBt and internal Standard 















were corrected, sample solution =oncentratlons were calculated by external 
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calibration using the mean sensitivity of the two closest calibration standards . 
Solid sample concentrations were then calculated from sample and solution 
weights. 
5. 7 RESULTS AND DISCUSSION 
5.7.1 SOLID LIMITS OF DETECTION 
Since the mean of all calibration blanks in a run was used as a background to 
correct all data, limits of detection, defined here as 3 times the standard 
deviation of the difference between the count rate of a sample and n replicates 
of the calibration blank, is calculated as [3 ·u+V11 In + 1 i), where n is the 
number of calibration blanks used. Solid limits of detection, for a 20 mg 
sample dissolved in 4 g solution, and with 16 determinations of the calibration 
blank (n = 16) are less than 4 ppb for Ru, Rh, Pt, Ir, and Au; and 29 ppb for Pd 
(Figure 5 .3). The high solid limit of detection for Pd is due to the large memory 
eHect of this element in the ICP-MS . 
5.7.2 PRECISION AND ACCURACY 
Results for 10 replicate analyses of fragments or powder of one nickel sulphide 
bead of the geological reference material, SARM-7, are presented in Table 5.6. 
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Table 5.6 Analytical results VS. literature values (ppb) for a single SARM- 7 
nickel sulphide bead 
a. 2 mg nickel sulphide bead fragmer.ts from the same bead 
Ru Rh Pd Ir Pt Au 
(1 ) 440 282 1213 95 4201 246 
(2) 434 304 1383 94 3088 186 
(3) 4f'J 285 1216 72 4570 283 
(4) 407 299 1181 98 4064 159 
(5 ) 465 279 1309 101 4337 77 
(6) 453 277 1263 104 4462 308 
(7) 356 291 1315 86 4200 578 
(8) 446 280 1308 97 3324 170 
(9) 408 289 1182 92 4479 170 
( 10) 386 281 1255 86 4550 239 
Average 426 287 1262 92 4328 241 
RSD 8% 3% 5% 9% 4% 51% 
LCD 2.15 0.67 6.2 1.37 4.14 15.8 
b. 20 mg of nickel sulphide bead powder from the same bead 
(1 ) 428 240 1457 82 3254 176 
(2) 436 246 1525 84 3386 200 
(3) 431 240 1480 82 4348 153 
(4) 441 249 1505 84 3334 189 
(5) 444 250 1524 85 3356 184 
(6) 452 257 1548 85 3239 174 
(7) 432 246 1476 84 3441 187 
(8) 401 242 1277 83 3019 153 
(9) 410 237 1379 83 3193 178 
(10) 420 236 1473 83 3394 193 
Average 430 244 1464 84 3297 179 
RSD 3% 2% 5% 1% 3% 8% 
LOD 2.45 0 .34 29 0.51 2.04 3.72 
Ref (1) 430 240 1530 74 3740 310 
Ref i2) 397 212 1353 71 3395 253 
Ref (1): from Steel et al. (1975) Ref (2) : from Jackson et al. (1990) 
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Re data are not reported here because Re is not quantitatively collected by the 
nickel sulphide fire assay bead (Frimpong, 1992). For 2 mg size fragments, 
relative standard deviations (RSD) for the 10 determinations are less than 10% 
except for Au (Figure 5.4al. and data show good agreement with certified and 
literature values (Steele et aI, 1978; and Jackson et al., 1990) (Figure 5.5a). 
Poor accuracy and precision for Au are considered to be due to its 
heterogenous distribution in the NiS bead and possibly inefficient collection by 
the NiS (Jackson et al., 1990). For 20 mg samples of the NiS bead, the RSDs 
are less than 8% (Figure 5.4b). Results (except for Au) are in a good 
agreement with certified and literature values (Figure 5.5b) 
5.8 DETERMINATION OF PRECIOUS METALS IN SULPHIDE AND 
MAGNETITE MINERALS FROM STRATHCONA DEEP COPPER ZONE 
CU-NI SULPHIDE ORES. 
The distribution and fractionation of the precious metals among coexisting 
sulphides and magnetite are important for the understanding of the ore-forming 
processes, However, progress has been hampered by the large quantities of 
high purity mineral separates required for conventional analytical techniques. 
Preliminary studies of PGE and Au distributions and fractionation among 
coexisting sulphides and magnetite from the Strathcona Deep Cooper Zone ores 
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demonstrates the ability of this technique to determine the precious metals in 
milligram weights of samples (Figure 5.6). The geological signifi<;ance and 
d,scussion of these results will be presented in Chapter 7. High concentrations 
of Pt and Pd in the magnetite may explain the poor metallurgical recovery of 
these elements from the same ores. 
5.9 CONCLUSIONS 
A np,w procedure combining aqua regia sample dissolution and cation exchange 
separation, with final quantification using ICP-MS, for sulphide and magnetite 
minerals has been developed for the simultaneous determination of 7 of the 
precious metals. The procedure can analyze mineral separates of 20 mg with 
solid limits of detection less than 4 ppb for Ru, Rh, Re, Ir, Pt, and Au, and Pd 
for 29 ppb. Larger samples may reduce solid limits 0;" detection proportionally . 
The cation exchange procedure provides quantitative recoveries ( > 99% I for the 
PGE and acceptable recoveries of Au, and the separation of all the precious 
metals from the base metals. 
The low detection limits, very small required sample size and the multi-
element capability of this procedure provides a major advance that will allow 
the examination of precious metal distributions and fractionation within and 
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Figure 5.1 Cumulate elution curves of the precious metals and base metals by 
anion exchange using 30 g of 0.1 M HCI; followed by 50 9 of (a) 8 N HN03, and (b) 
aqua regia. 
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Figure 5.2 Cumulate elutior curves of the precious metals by cation exchange 
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Figure 5.3 Limits of detection for solid sample masses of 20 mg taken to a final 
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Figure 5.4 Relative standard deviations for the analyses (n=10) of precious 
metals in the certified geological reference material, SARM-7, by ICP-MS after 
cation exchange separation. (a) 2 mg replicates of nickel sulphide fragments, 
and (D) 20 mg replicates. of nickel sulphide bead powder 
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Figure 5.5 Concentrations of precious metals obtained in this study compared to 
the literature values for the certified geological reference material, SARM-7. (a) 2 
mg nickel sulphide bead fragments, and (b) 20 mg nickel sulphide bead powder 



























·0001 1--__ 1....-_----" __ ----" __ --'-______________ ....1 
Ir Ru Rh Pt Pd Au 
Figure 5.6 Mean chondrite-normalized data of sulphides and magnetite (sample 
weight: 20 mg) from Strathcona Ni-Cu sulphide ores, showing the distribution and 
fractionation of precious metals between these minerals 
CHAPTER. 6 
THE GEOLOGY OF THE SUDBURY AREA AND THE SETTING OF 
THE NI-CU-(PGE) SULPHIDE MINERALIZATION 
6.1 INTRODUCTION 
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The objectives of this chapter are to : 1) summarize the geological setting of the 
Sudbury area; 2) describe the geology and geochemistry of the Sudbury 
Igneous Complex (SIC), and present new trace element geochemical data 
relating to the SIC; and 3) describe the Ni-Cu-(PGE) ore deposit types, and 
summarize the characteristics of these are deposits (their setting. mineralogy 
and chemical compositions). 
The objectives of this chapter is to provide the geological background for 
the study of the precious metal distributions and partitioning in Sudbury ores 
which will be discussed in subsequent chapters. 
6.2 GEOLOGICAL SETTING OF THE SUDBURY AREA 
The Sudbury area is one of the world's largest Ni·Cu-PGE mining districts, and 
has long attracted geologists because of its are deposits and intriguing 
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geological history. The geological setting, ores, and igneous rocks have been 
the subject of extensive research indicated by the large number of publications. 
The Sudbury structure is located near the conjunction of three structural 
provinces of the Canadian Shield; the Superior, Southern and Grenville 
Provinces. The Sudbury structure consists of three major components (Figure 
6.1) (Naldrett et aI, 1982): 
(1) Sudbury breccia in the Archean basement and Proterozoic cover 
peripheral to the Sudbury Igneous Complex (SIC). 
(2) Sudbury Igneous Complex, a noritic and granophyriC, basin-shaped body 
emplaced approximately coincident with the base of the Sudbury Basin. 
The Ni-Cu-(PGE) sulphide ore deposits are spatially close to the base of 
this Complex. 
(3) Sudbury Basin containing the Whitewater Group comprised of the 
Onaping, Onwatin, and Chelmsford Formations. 
The Sudbury structure, as defined by the outer limits of the Sudbury 
breccia, is roughly an oval-shaped area with a long: short axis ratio of 2.2: 1 
(Grieve et sl., 1991) and a long axis of about 190 km in diameter (Peredery and 
Morrison, 1984). On the northern and eastern sides the Sudbury structure is 
in contact with Archean migmatized high grade gneisses (2711 Ma)' and Quartz 
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monzonite plutons (2500-2700 Ma) of the Superior Province that contains 
remnant greenstone belts (2700 Ma) (Krogh et al .. 1984). On the southern 
side, the Sudbury structure is in contact with the Proterozoic metavolcanic and 
metasedimentary rocks of the Huronian Supergroup (2550-2110 Ma. Krogh et 
al., 1984) which are part of the Southern Province. The granitic Creighton 'lnd 
Murray plutons (2388 Ma. Krough et al .. 1984) intrude the Huronian sequence 
south of the SIC. Nipissing gabbroic dykes and sills (211 0 Ma. Card et al .. 
1984) are widespread in the Sudbury area intruding in the Archean and 
Huronian units. 
Despite being controversial (Muir. 19841. the proposal suggested by 
Dietz (1964) that the Sudbury structure is an astrobleme. produced by the 
impact of a large meteorite, is widely accepted. This is supported by the 
presence of shock metamorphic features in the Archean basement, Huronian 
cover, and in the Onaping Formation. The impact could have caused fracturing 
in the crust and generated magma in the deep crust which then filled the 
impact-crater to produce the rocks of the SIC. The age of the Sudbury 
structure is approximated by the intrusion of the SIC (1850 Ma. Krogh et al .. 
1984) which is consider to have been intruded shortly after the Sudbury 
catastrophic event. 




The Ni-Cu-(PGE) mineral deposits of the Sudbury district are closely related to 
the Sudbury Igneous Complex (SIC), a layered intrusion ranging from quartz 
norite at the base, through gabbro to a granophyric cap (Naldrett et al., 19851. 
The study of the SIC is important for understanding the genesis of the are 
deposits. The main mass of the SIC is an el'iptically-shaped body intruded into 
Archean rocks of the Superior Province to the north and east, and Huronian 
rocks of the Southern Province to the south (Figure 6.1). The units of the main 
mass of the SIC consist of : a basal discontinuous ore-bearing Sublayer or offset 
dykes (Pattision, 1979); mafic norite, quartz-rich norite, South Range norite, 
and felsic no rite constituting the lower zone; quartz gabbro constituting the 
middle zone; and granophyre in thE) upper zone (Figure 6.2) (Naldrett and 
Hewins, 1984). 
The rare-earth element geochemistry of the SIC has been studied by Kuo 
and Crocket (1979). Their data showed that norite and granophyre are 
characterized by positive and negative Eu anomalies, respectively, whereas 
border norites and oxide-rich gabbro lack prominent Eu anomalous. Naldrett 
and Evensen (1385) have studied the major and trace element geochemistry of 
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the SIC. They indicated that all rocks of the complex are usually sialic and rich 
in incompatible elements, and that the major and trace element contents can 
be modelled in terms of a continental flood basalt magma assimilating typical 
Archean tonalite and quartz monzonite. 
Detailed U-Pb geochronology (Krogh et al., 1984) showed that zircons 
from the North Range felsic norite, the North Range mafic norite. and South 
Rangp. black norite of the SIC yield precise overlapping ages of 1848.9 + 4 .0/-
2.7 Ma, 1850.0 + 3.4/-2.4 Ma, and 1850.5 ± 1.3 Ma; and that baddeleyite from 
the granophyre has an age of 1851 ±3 Ma, indicating it is essentially coeval 
with the norite. 
Sm-Nd isotopic data for whole rock samples and minerals of the SIC has 
been reported by Faggart et al. (1985). Their data gave an igneous 
crystallization age of 1840 ± 21. They also reported that initial epsilon 
neodymium values (ENd) for 15 whole rocks, which range from -6.84 to -8.83. 
are similar to those for average upper continental crust. falling on the crustal 
trend of neodymium isotopic evolution as defined by shales . 
Oxygen isotopic results have been reported by Ding and Schwarcz 
(1984). Their data showed that the nOfite has an average whole-rock oxygen 
isotopic composition (6180) of 6.7%0, about 0 .7%0 greater than that of fresh 
oceanic basalts, and similar to that of some continental basalts. The 
granophyre is slightly richer in 180 with a 61BO value of 7.3%0. 
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Since only 9 out of the 15 REE have been reported before (Kuo and 
Crocket, 19791, this chapter presents a complete set of the trace- and rare 
earth- element data for 14 samples collected from the norite, gabbro, and 
granophyre units on both south and North Range. Petrographic information 
about the samples is reviewed. 
6.3.2 PETROGRAPHY 
6.3.2.1 SUBlAYER AND OFFSET DYKES 
The Sub layer is a mafic to intermediate rock occurring at the base of the SIC 
and is host to much of nickel-copper sulphide ore of the Sudbury structure 
(Yates, 19481. The Sublayer is a discontinuous unit below the norite (Figures 
6.10-6.1 11. Pattison (1979) recogn~zed two varieties of Sublayer: igneous-
textured gabbro-norites and metamorphic·textured leucocratic breccia. Both are 
charc)cterized by the presence of sulphide and abundant xenoliths. Offset 
dykes are a series of ore-bearing dykes stemming from the contact Sublayer 
and penetrating deep into the footwall terrain (Grant and Bite, 1984). The 
dykes have a quartz diorite composition (Naldrett, et al., 19851. 
6.3.2.2 LOWER ZONE 
The lower zone of the SIC overlies the Sublayer or footwall Archean and 
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Huronian rocks (Figures 6.1-6.21. The petrographic characteristics of this unit 
vary in different parts of the basin. On the north and east ranges, it is a 
coarse-grained, hypidiomorphic no rite with a typical modal mineral composition 
of 55% plagioclase, 25% orthopyroxene, 10% amphibole, 5% clinopyroxene, 
5% biotite, and less than 3% apatite; whereas on the South Range the unit is 
a quartz-rich norite with a typical modal mineral composition of 50% 
plagioclase, 25% orthopyroxene, 5-10% biotite, 5-10% Quartz, 5% amphibole, 
and less than 3% apatite (Figure 6.3a-b). Orthopyroxene in the norite from the 
South Range is replaced by amphibole around its edge, showing a reaction rim 
texture (Figure 6.3cl. In some areas, pyroxenes in the no rite are entirely 
replaced by amphibole and biotite (Figure 6.3d-e). 
6.3.2.3 MIDDLE ZONE 
The South Range norite grades into the Quartz gabbro of the middle lone with 
decreasing modal abundances of hypersthene and increasing abundance of 
augite, quartz, magnetite, ilmenite, and apatite content (Figures 6.1·6.2) 
(Naldrett and Hewins, 19841. The quartz gabbro of the North Range middle 
zone is very similar to the QU~utz gabbro of the South Range. In the North 
Range, it contains more opaque oxide minerals, apatite and titanite than in the 
South Range. Figures 6.3f-g show micrographs of quartz gabbro from the 
South Range, having a modal mineralogy that includes 30% plagioclase, 35% 
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amphibolo, 20% orthopyroxene and clinopyroxene, 10% quartz, and 5 % 
opaque minerals. 
6.3.2.4 UPPER ZONE 
The granophyre, making up the upper zone of the SIC (Figures 6.1-6 .2), is 
commonly coarse grained and consists of plagiocl~se (10-20%). granophyric 
intergrowths of quartz (15-30%) and alkali-feldspar (45-60%), and minor 
amounts of biotite, augite, hornblende, epidote, chlorite, and opaque oxide 
minerals . Granophyre in the SIC shows typical myrmekitic texture (Figure 
6.3h-i). 
6.3.3 MAJOR- AND TRACE-ELEMENT RESULTS FOR THE SUDBURY IGNEOUS 
COMPLEX 
6.3.3.1 SAMPLING AND ANALYTICAL METHODS 
Fourteen representative samples were collected from two traverses through the 
south and North Ranges of the SIC and the Onaping Formation (Appendix II) 
(Figures 6.4 and 6.5). Samples for bulk analysis were crushed to a minus 200-
mesh powder using a tungsten carbide pulverizer. Quartz sand was pulverized 
between sample runs tv minimize cross contamination between samples. 
Major elements together with Cr, Ni, Cu, Zn, and V were analyzed by 
X-ray fluorescence spectrometry methods using pressed powder pellets 
I '. ... • ' 
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(Longerich, 1993). Rubidium, Sr, Sa, Li, Cs, Y, TI, Zr, Nb, Hf, Ta, Pb. Th. and 
U and the rare-earth elements (REEl were determined on the same powders bv 
inductively coupled plasma-mass spectrometry (lCP-MS) as described in 
Chapter 2, following the procedure of Jenner et al. (19901 . Nb and Tn may be 
slightly contaminated from the crushing in the tungsten carbide pulverizer. 
Analytical results for the USGS reference material DNC-l and the CCRMP 
reference material MRG-l are also listed in Table 6.1. The results for these two 
reference materials compare well with literature values (Table 6.1 I. 
6 .3.3_2 MAJOR-ELEMENT RESULTS 
The major element chemical composition of 13 samples of the SIC are plotted 
on Harker diagrams (Figure 6.6, and Table 6.1). Samples range from 48% SiO;> 
in norite to 67% in granophyre. 
Two chemical trends are evident in Figure 6.6. Norite and gabbro rocks 
have high MgO (4-10%) and CaO (5-8 .5%) contents; and low Si0 2 (48·55%), 
Na20 (less than 2.5%), and K 20 (less than 1 .5 %) contents. Most major 
elements show negative correlation with Si02 , with the exception of AI"O" 
K20, and Na 20, which display a positive trend. Granophyric rocks unlike the 
norites and gabbros, have high Si02 (62-67%), Na 20 (3-4%), and K20 (3-4%) 
contents; and low MgO (0.5-1.5%) and CaO (1 .5-3%) contents . 
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Si02 55.1 49.7 51.2 51.4 52.9 48.4--
n02 0.29 0.67 0.38 0.49 0.39 1.84 
AJ203 16.2 10.3 14.8 14.4 14.9 10.7 
FeO 5.9 11.8 8.1 8.7 6.8 13.5 
MnO 0.10 0.15 0.12 0.12 0.12 0.15 
MgO 8.7 9.8 10.3 8.58 4.61 4.54 
CaO 7.8 5.2 7.2 7.6 8.0 8.3 
Na20 2.06 2.04 2.02 2.33 2.83 2.31 
K20 1.50 1.73 1.14 1.28 1.28 1.10 
P20S 0.13 0.15 0.09 0.05 0.10 1.68 
Trace elements (ppm) 
Rb 55.9 56.3 35.6 32.2 51 .5 97.1 41.9 37.0 40.4 
Cs 1.49 1.96 1.10 1.40 1.63 0 .84 1.02 0.79 0.55 
Li 15.7 32.3 21.6 18.4 14.9 11.3 9.0 6.25 10.9 
Sr 361 280 430 501 457 218 490 500 407 
Ba 401 490 349 326 376 964 435 411 526 
U 1.73 0.95 0.78 0.66 0.91 3.09 1.26 0.97 1.32 
Th 7.16 6.17 4.22 3.40 4.50 17.0 5.77 4.33 6.11 
Zr 52.6 96.1 51.0 56.6 92.5 267 161 84.7 122 
Nb 4 .79 8.45 5.06 4.09 9.88 16.5 5.33 5.38 7.50 
Ta 1.94 1.01 1.28 1.22 1.55 2 .46 1.17 1.3 1.00 
Hf 1.66 2.69 1.39 1.53 2.28 6.93 4.08 2.28 3.05 
Y 13.2 16.3 10.1 8.74 16.8 31 .4 11.6 13.1 25.6 
TI 0.34 0.39 0.22 0.22 0.31 0.39 0.24 0.21 0.21 
La 27 .2 27.1 lB.S 14.5 28.0 61 .3 22.1 20.1 38.7 
Ce 53.7 56.1 37.0 28.5 58.8 122 44.4 40.6 84.6 
Pr 5.93 6.48 4.11 3.15 6.95 14.0 4.90 4.61 10.4 
Nd 21.9 24.3 15.2 12.0 28.0 51.5 18.1 18.0 42.7 
Sm 3.69 4.62 2.80 2.25 5.15 9.18 3 .30 3.38 8.16 
Eu 1.0B 1.11 0.98 0.97 1.25 1.84 1.15 1.22 2.11 
Tb 0.40 0.51 0.32 0.27 0.53 0.99 0.34 0.43 0.89 
Dy 2.63 3.12 1.87 1.64 3.26 6.02 2 .26 2.53 5.18 
Ho 0.53 0.65 0.39 0.33 0.64 1.18 0.45 0.49 1.01 
Er 1.53 1.85 1.23 1.06 1.73 3 .39 1.28 1.43 2.59 
Tm 0.21 0.27 0 .16 0.15 0.24 0.49 0.19 0.20 0.36 
Yb 1.45 1.81 1.12 0.99 1.49 3 .21 1.37 1.51 2.13 
Lu 0.22 0.27 0 .18 0.15 0.22 0.48 0.22 0.23 0.32 
V 72 201 100 262 4n 38 90 136 668 
Cr 388 4078 394 211 157 a 32 9 0 
Ni 53 744 73 39 23 a a 0 0 
Cu 44 663 50 40 47 9 14 14 24 
Zn 52 127 67 49 62 62 59 54 81 
Pb 11 .8 11.2 10.8 6.1 5.47 10.3 7.7 7.9 6.3 
8c 16 21 19 22 12 13 18 18 29 
Ga 21 16 19 20 20 17 22 21 23 
Bi 0.16 0.30 0.082 0.032 0.061 0.097 0.018 0.028 0.02 
Element ratios 
(La/Lu)n 12.9 10.6 10.5 10.2 13 13.2 10.5 9.3 12.4 
Eu* 0.96 0.79 1.14 1.39 0.80 0.66 1.15 1.15 0.85 
Eu* Chondrite normalized Eu value/mean of chondrite normalized 8m and Gd values. 








O. I I O. I 6 
Trace elements (ppm) 
Ru 108 113 121 129 64.6 3.8 7.7 4.5 8.5 
Cs 0.56 0.49 0.52 0.45 0.25 0.21 0.59 0.34 0.57 
LI 6.7 8.5 12.1 7.5 8.5 4.29 3.32 0.51 4.2 
Sr 161 171 232 209 90.6 143 271 145 266 
Ba 1085 11~6 908 707 675 102 49.5 114 81 
U 3.48 3.44 2.66 2.91 4.12 0.047 0.25 0.10 0.24 
Th 17.7 15.9 12.4 13.4 7.6 0.24 0.83 0.20 0.93 
Zr 328 292 243 256 127 34.2 93 41 108 
Nb 15.3 15.0 13.0 16.1 9.2 1.67 21.6 3.0 19.2 
Ta 2.39 2.66 2.11 2.42 1.15 O. , .. 0.84 0.10 0.8 
HI 8.32 8.13 6.33 6.83 3.45 0.97 3.81 1.0 3.86 
Y 35.1 29.6 27.4 31 .4 14.8 15.3 11.5 18 14.0 
TI 0.48 0.56 0.55 0.58 0.40 0.029 0.053 0.026 0.055 
La 66.6 55.6 50.9 57.6 13.8 3.59 9.19 3.8 9.8 
Co 134 113 103 119 28.6 8.3 26.1 10.6 26 
Pr 15.2 12.8 11.6 13.5 3.32 1.08 3.81 1.3 3.4 
Nd 56.2 47.1 43.2 51.5 13.5 5.12 18.9 49 19.2 
Sm 10.1 8.5 7.68 8.9 3.33 1.45 4.66 1.38 4.5 
Eu 1.79 1.94 1.83 1.96 0.99 0.62 1.44 0.59 1.39 
Tb 1.09 1.13 0.99 1.18 0.51 0.39 0.62 0.41 0.51 
Dy 6.80 5.81 5.63 6.02 2.87 2.72 3.13 2.7 2.9 
Ho 1.32 1.15 1.05 1.18 0.57 0.59 0.52 0.62 0.49 
Er 3.88 3.55 2.99 3.37 1.62 1.91 1.27 2 1.12 
Tm 0.55 0.48 0.42 0.48 0.24 0.28 0.15 0.1 0.11 
YO 3.61 3.35 2.88 3.32 1.56 1.97 0.91 2 0.6 
Lu 0.54 0.50 0.45 0.49 0.24 0.32 0.14 0.32 0.12 
V a 11 149 94 154 143 148 
Cr a a 0 0 106 293 285 
NI 0 79 0 0 51 256 247 
Cu 5 20 9 14 40 87.4 96 
Zn 62 79 41 28 45 69.2 66 
Pb 7.5 29.7 10.8 8.3 28.5 5 .94 6.0 5.9 10 
Sc 15 8 19 18 14 
Ga 16 16 17 17 14 
Bi 0.065 0.14 0.033 0.053 0.12 0.014 0.14 0.014 0 
Element ralios 
(La/Lu)n 12.9 11.5 11.8 12.2 6.05 1.16 6 .81 1.23 8.48 
Eu· 0.58 0.72 0.76 0.69 0 .91 1.06 0.91 1.08 0.98 
+ These samples were analyzed in 1991, and lhe BaF interlerence on Gd was nOI corrected 
at that time, so Gd is not reporte:.1 here. 
ONC -1: USGS referencl) material MRG-l :CCRMP reference malerlal 
a: this work 0: literature values (GovlnoaraJu, 1989) 
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6.3.3.3 TRACE-ELEMENT RESULTS 
The variation of selected trace elements are presented in Harker diagrams in 
Figure a.7. The norite and granophyre samples plot as end members for most 
of the trace elements in the diagrams, whereas gabbro samples lie between the 
two end members, though closer to the norite end member. 
Chondrite normalized REE patterns for the norite, gabbro, and granophyre 
are shown in Figure 6.8. All of the igneous rocks of the Complex are 
characterized by light REE-enriched patterns with (La/Lu)", (chondrite normalized 
La/chondrite normalized Lu) ratios in the range of 9 .3 to 13, and by flat heavy 
REE patterns. The Eu anomalies are distinctively different among the norite, 
gabbro, and granophyre samples. The border no rite samples show negligible 
Eu anomalies (Figure 6.8aL whereas the other norite samples show positive Eu 
anomalies (Figure 6.8b). The gabbro samples show insignificant Eu anomalies 
(Figure 6.8cl, whereas the granophyres show negative anomalies. Kuo and 
Crocket (1979) reported similar results in their study (Figure a.8d). One sample 
from the Onaping Formation shows a slight light REE enrichment with no Eu 
anomaly (Figure 6.8e). 
6.3.4 PETROGENESIS OF SUDBURY IGNEOUS COMPLEX 
Kuo and Crocket ('979) concluded that the igneous units of the SIC are 
genetically related to each other by crystallization proc.esses based on rare earth 
... \ ~, • ' ". I • 
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element data . Their data showed that norite and granophyre are character ized 
by positive and negative Eu anomalies, respectively, whereas border norites and 
oxide-rich gabbro lack prominent Eu anomalies. They considered the border 
norites of the ~;jC to have crystallized as a relatively closed system and their 
REE fractionation patterns are regarded as representative of the parental 
magma. The\, concluded that the no rite and granophyre are comagmatic, and 
related by gravitational fractionation due to the mirror-image Eu anomaly 
characteristics of the two. Compared to other continental basic rocks, the SIC 
has more fractionated REE patterns and generally higher total rare earth element 
contents. They suggested that mixing of a silicic component with a high La/Lu 
ratio with a normal basaltic melt may be responsible for the distinctive REE 
characteristics of the SIC magma . 
Naldrett et al. (1985) studied the major trace element. and isotopic 
composition of the SIC rocks; and concluded that the main mass of the SIC 
was contaminated largely by typical upper crust rocks. They further suggested 
that extensive assimilation of silicic material was responsible for the 
segregation of major quantities of sulphide. 
Data in this ~tudy generally supports the conclusion that the SIC was 
strongly contaminated ~y upper crustal rocks (Naldrett et al .. 1984) and that 
granophyre, gabbro, and norite are related to each other by fractional 
crystallization processes (Kuo and Crocket. 1979). The SIC has high SiO, 
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contents and is rich in incompatible elements indicative of extensive 
contamination. The data is broadly consistent with binary mixing. but there are 
only 13 analyses for a very large igneous complex, and therefore the data by 
itself does not uniquely characterized the complex. Major- and trace- element 
Harker diagrams (Figure 6.7) generally suggest a mixing relationship between 
two end members. One of the end members is characterized by low SiOz. such 
as a basaltic component, and the other by high Si02, such as continent crust. 
On primitive mantle normalized diagrams of trace elements, except for Sr. Eu. 
and Ti, the norite, gabbro. and granophyre have similar patterns with a strong 
depletion of Nb (Figure 6.9). Strongly negative Nb anomalies can be explained 
either as a magma generated by subduction processes (Nakamura et al .. 1985) 
or a magma contaminated by continent crust (Naldrett et al. 1984) . The latter 
seems more favourable for the SIC due to its tectonic setting. Initial epsilon 
neodymium values (ENd) for 15 whole rocks. ranging from -6.84 to -8.83 
(Faggart et al., 1985)' which are similar to those for average upper continental 
crust, falling on the crustal trend of neodymium isotopic evolution as defined 
by shales, also support a contamination model with continental crust. Strong 
depletions in Sr, Eu and Ti in granophyre samples (Figure 6.9c) could be the 
result of fractional crystallization processes with removal of Sr and Eu in 
plagioclase and Ti in magnetite. 
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6.4 CU-NHPGE) MINERAL DEPOSITS AT SUDBURY 
6.4.1 MINERAL DEPOSIT TYPES 
The Ni-Cu-tPGEI ores of the Sudbury district are divided by Naldrett (1981) into 
three categories: typical South Range deposits, typical North Range deposits, 
and offset deposits . The North Range deposits occur not only within the 
Sublayer no rite but al«;o within brecciated country rocks and fractures in 
country rock underlying the breccia, whereas South Range deposits occur only 
within the Sublayer. However, as mining exploration developed deeper levels, 
new deposits in the South Range, i. e. , Thayer Lindsley mine , show similar 
features to those in the North Range (Binney et al .. 1992). Therefore the 
classification by Naldrett (1981) has only limited geographic meaning . Detailed 
descriptions of many of the deposits have been documented by Souch et al. 
(19691. Naldrett and Kullerud (1967), Cowan (1968)' Pattison (1979), and 
Binney et al. (1992). Only very brief descriptions are presented here . 
6.4.1.1 NORTH RANGE DEPOSITS 
The Strathcona Mine, is considered to be typical of the North Range deposits 
(Naldrett, 1981 I, and as such, was part of this study. The mine is the most 
studied of the North Range deposits. Detailed descriptions of the deposit are 
given in Chapter 7. The deposit is divided into five principal mineralization 
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zones : the Hanging Wall Ore Zone, the W~in Ore Zone, the Deep Ore Zone, the 
Copper Ore Zone, and the Deep Copper Zone (Figure 6.10) . The Hanging Wall 
Ore Zone is mainly pyrrhotite and pentlandite, which occupy interstitial volumes 
between silicates . Most of the Strathcona mineralization is present in the Main 
Ore Zone, which occurs in the footwall breccia between the no rite and the 
underlying gneiss complex. The Deep Ore Zone was emplaced in fractures in 
the footwall gneiss as much as 90 m below the base of the SIC. The Copper-
Zone ores occur as a complex system of fracture filling veins up to 6 m wide 
in footwall rocks 200-300 m beneath the base of the SIC. The chalcopyrite 
veins are hostet completely by the footwall gneiss complex. The Deep Copper 
Zone occurs in footwall rocks 450-600 m beneath the norite contact where the 
predominant hosting rocks are gneissic units of the footwall complex. The 
Deep Copper Zone ores are composed of highly irregular massive sulphide 
veins. 
6 .4.1.2 SOUTH RANGE DEPOSITS 
The Little Stobie 1, Thayer Lindsley, and Murray mines are typical examples of 
South Range deposits. The Thayer Linsley Mine, part of this study, is 
discussed in more detail in Chapter 8. The South Range deposits are generally 
zoned from massive are at the footwall to disseminated sulphide are toward the 
Hanging Wall. The massive are rests directly on the foot-wall rocks and 
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contains inclusions of the footwall material as well as fragments of gabbro and 
peridotite (Figure 6.11) . The disseminated ores are hosted by the Sublayer 
norite which is in sharp contact with the overlying Quartz norite. 
6.4.1.3 OFFSET DEPOSITS 
The offset deposits occur in dike-like offsets of the Sub layer no rite and gabbro 
that extend several kilometres away from the SIC into the footwall. In many 
cases the sulphides form lens-like pods of massive and interstitial disseminated 
ore associated with high proportions of inclusions in the offset dikes. 
6.4.2 CHEMICAL COMPOSITIONS AND MINERALOGY OF THE SUDBURY 
ORES 
6.4.2.1 CHEMICAL COMPOSITION OF THE ORES 
Early work on the composition of the Sudbury ore was summarized by Hawley 
(1962). This was followed by Naldrett and Kullerud (1967), Cowan (1968). 
and Naldrett (1984). The concentrations and distributions of precious metals 
were studied by Keays and Crocket (1970). Chyi and Crocket (1976). Hoffman 
et al. (1979), and Naldrett ('984). 
Iron, 5, Cu, and Ni are the major elements of the ores. Nald rett (1969) 
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noted, considering Fe, S, and 0 alone, that the composition of most magmatic 
sulphides fall in the pyrrhotite field of the Fe-S-O system. Most Ni is present 
in the ores as pentlandite, although up to 1 wt% remains in solid solution in 
pyrrhotite (Naldrett, 1984). Bulk Ni content varies from a low of 3 .63 wt% at 
the Strathcona Mine to a high of 5.73 wt% at the Levack West Mine (Naldrett, 
1984). Copper is present largely as chalcopyrite. Bulk copper ranges from a 
low of 1.23 wt% to a high of 2.8 wt% . 
Cobalt , Zn, Pb, As, Sb, and Se are some of the more abundant trace 
constituents of the Sudbury ores. Pentlandite is the host for the bulk of the 
cobalt in the Sudbury ores. Cobalt content varies from a low of 0.065% to a 
high of 0.22 wt% in the ores. Zinc is mostly present in sphalerite. Zinc 
concentrations range from a mean of about 100 ppm in the South Range to a 
mean of about 230 ppm in the North Range. Lead concentrations in the ores 
range from a mean of 15 ppm in the South Range to a mean 30 ppm in the 
North Range. Gc-Iena i~ the major discrete phase of Pb. Arsenic ar:d Sb 
contents vary from deposit to depOSit. Selenium concentrations are about 90 
ppm in the ore. 
Data from the Strathcona and Levack West deposits show strong zoning 
of platinum-group elements, Au, and base metals (Naldrett, 1982) . Copper, Ni, 
Zn, Pt, Pd, and Au increase away from the SIC hanging wall into the footwall 
and Co, Rh. Ru, Ir. and Os increase in the reverse direction. At Strathcona, this 
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zoning results in a decrease of the (Pt + Pd)/(Ru + Ir + Os) ratio from 132 in the 
footwall to 2.2 in the Hanging Wall Ore Zone (t-Ialdrett . 1982) . 
6.4.2.2 ORE MINERALOGY 
The mineralogy of the Sudbury ores has been documented by Hawley and 
Stanton (1962)' and subsequently by Naldrett (1984). Hawley and Stanton 
(1962) reported 32 metallic minerals . The most detailed studies of the 
platinum-group minerals were rc:lported by Cabri and Laflamme (1976) . later Li 
and Naldrett (1993) confirmed some of the findings from the Deep Copper Zone 
at the Strathcona Mine. 
The minerals pyrrhotite (Fe, .• S)' pentlandite (Fe.Ni)9Ss' chalcopyrite 
(Cu,Fe)S21 cubanite (CuFe2S3 ), and magnetite (Fe30 4 ) account for most of the 
metallic phases in the Sudbury ores . Pyrrhotite is the principal host for the 
other sulphide minerals in the contact deposits. Pentlandite occurs as 
exsolution rims around pyrrhotite grains or as exsolution flame-like lamellae 
within pyrrhotite grains. Chalcopyrite is ubiquitous and accounts inr the major 
part of the Cu in the Sudbury area. Cubanite occurs in many deposits 
associated with chalcopyrite, but is particularly concentrated in the Copper 
Zone and Deep Copper Zone at the Strathcona deposit. Magnetite is a very 
common mineral. usually present as euhedral or semi-euhedral crystals, and it 
accounts for about 5 to 10% of the bulk ores. 
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Pyrite (FeS 2 ), galena (PbS). sphalerite (ZnS), millerite (NiSI, niccolite 
(NiAs), gersdorffite (NiAsS), conaltite (CoAsS), marcasite (FeS21, stannite 
(SnS 2 ), bornite (CusFeS4 ), and violarite (FeNi 2S.) occur as minor ore minerals. 
Michenerite (PdBiTe), moncheite (PtTe2 ), sperrylite (PtAs,), insizwaite 
(PtBi 2 ), sudburite (PtSb), froodite (PdBi2 ), kotulskite (PdTe), niggliite (PtSn), 
merenskeyite (PdTe 2 ), mertieite [Pda(Sb,As)lL palladian melonite 
[(Ni,Pd)(Te,BiI 21 and gold (Au) are the major precious metal minerals found in 
Sudbury ores. 
6.5 RELATIONSHIP OF ORE DEPOSITS TO THE SUDBURY IGNEOUS 
COMPLEX 
Although there is considerable variation in the characteristics of different ore 
deposits (pye et al., 1984), as has been summarized by Naldrett et aJ . . 1985). 
there are a number of features in common: 
(1) There are embayments or other irregularities of ore bodies at the base of 
SIC or penetrating into the footwall (Figures 6.10 and 6.11). An 
increase in sulphide content is usually observed at the lower contact 
throughout the SIC. 
(2) The presence of Sublaver rocks. The sulphides constituting the ore 
bodies appear to have settled out of bodies of Sublayer. Minor amounts 
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(up to 5%) of sulphide also occur within border norite of the SIC. The 
ore deposits are invariably associated with Sublaver. 
(3) Ultramafic inclusions within Sublayer. Scribbins er al. (1984) concluded 
these inclusions were derived from one or more hidden layered 
intrusions. 
All of these characteristics indicate that ore deposits at Sudbury are 
genetically related to the SIC. Osmium isotope results, (Walker er al., 1991; 
and Dickin et al., 1992) from the sulphide ores of several mines at Sudbury. 
strongly overlap the initial ratios, suggesting a narrow range of isotope ratios 
in the original ore, within the range of estimated osmium isotope compositions 
in the country rock of the SIC at 1.85 Ga. Naldrett and Evensen (1985) 
suggest that the extensive assimilation of sialic material is believed to be 
responsible for the segregation of major quantities of sulphide, since 
assimilation of Si02-rich material by a mafic ma~ma could lower the solubility 
of sulphur within it (Irvine, 1975), 
6.6 SUMMARY 
In this chapter, the general geological setting of the Sudbury area was 
documented; the geology and geochemi:;try of the Sudbury Igneous Complex 
(SIC) were briefly discussed, and the types of Cu-NHPGE) deposits and their 
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setting. mineralogy, and metal distributions were summarized. Data in this 
study generally supports suggestions that the SIC was strongly contaminated 
by upper crustal rocks (Naldrett et al .. 1984); and that granophyre, gabbro, and 
no rite are related to each other by fractional crystallization processes (Kuo and 
Crocket. 1979). The ore deposits at Sudbury are spatially and genetically 
related to the SIC. The extensive assimilation of sialic material is believed to 
be responsible for the segregation of major Quantities of sulphide (Naidrett and 
Evensen. 1985). This information provides an important background for the 
studies of distributions and partitioning of precious metals to be discussed in 
Chdpters 7. 8. and 9, and REE geochemistry of the sulphide ores to be 
discussed in Chapter 10. 
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Figure 6.2 Vertical cross-section through the Sudbury Igneous Complex at Strathcona Mine 








Figure 6.3 Photomicrographs illustrating petrographic textures in the 
Sudbury Igneous Complex (SIC). 
(a) South Range norite (PPL). Orthopyroxene grains are euhedral or 
semi-euhedral (91-ZC-01). 
(b) Sample a in XPl. 
(c) Amphibole reaction rims (PPL) (91-ZC~1). Orthopyroxene in the 
South Range norite is replaced by amphibole around the edges. 
(d) Altered norite (PPL). Orthopyroxene grains in the South Range norite 
are entirely replaced by amphibole, biotite and chlorite (91-ZC-09). 
(e) Sample d in XPl. 
(f) Quartz gabbro (PPL) (91-ZC-09). 
(g) Sample f in XPL. 
(h) and (i) Granophyres in the north range showing myrmekitic texture 
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Figure 6.4 Locations of samples from the Sudbury Igneous Complex 
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Figure 6.5 Locations of Samples from the Sudbury Igneous Complex collected 
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Figure 6.6 Major element Harker variation diagrams: (a) Ti02, (b) AI203, (c) 
Fe203, (d) MnO, (e) MgO, (f) CaO, (g) Na20, and (h) K20 • &. Norite, 
o &. Gabbro, and • & • Granophyre. Wh~ther patterns are filled or not is insignificant 
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Figure 6.7 Trace element Harker variation diagrams: (a) Rb, (b) Sr, (c) Ba, (d) Cs, 
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Figure 6.8 Chondrite normalized REE patterns of the Sudbury Igneous 
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Figure 6.9 Primitive Mantle Normalized trace element diagrams; (a) Norite, (b) 
Gabbro, and (c) GranophYj·e. Normalization values for primitive mantle are from 
Talyor and Mclennan (1985) 
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Figure 6.10 Geological vertical cross section through the Strathcona Mine (6280 
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Figure 6.11 Geological vertical cross section through Little Stobie 1 orebody (looking west) 






DISTRIBUTIONS OF THE PRECIOUS METALS 
IN COEXISTING ORE MINERALS FROM THE DEEP COPPER ZONE 
AT THE STRATHCONA MINE 
7.1 INTRODUCTION 
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The Strathcona Mine (Falconbridge limited) is located on the north rim of the 
Sudbury Igneous Complex (SIC) (Figure 6.1). The geology, petrography. and 
are mineralogy of the Strathcona Mine have been d 'scussed by Naldrett and 
Kullerud (1967) and Cowan (1968) The petrogenesis of the important foot wall 
breccias and mafic norite was investigated by Naldret' et al,( 1972) and outlined 
in Chapter 6. A geological cross section of the Strathcona Mine, modified from 
Li et al. (1992), shows five principal mineralization zones : the Hanging Wall Ore 
Zone, the Main Ore Zone, the Deep Ore Zone. the Copper Ore Zone and the 
Deep Copper Zone (Figure 6.10). 
In a study of precious metals in the bulk ores of the Str::Jthcona Ni-Cu 
sulphide mine, Naldrett et a/. (1982) found that ~heir distribution is zoned. Pc 
Pd, Au, and Cu contents increase progressively with depth from the Hanging 
Wall Ore Zone through the Main Zone into the Deep Ore Zone; Rh, Ru, Ir, and 
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Os show a reverse trend. From this zonation. several questions arise regarding 
the distribution and partitioning of the precious metals: 
(1) How are the precious metals distributed in each individual mineral 
phase. as discrete inclusion!; or in solid solution? 
(2) If precious metals are in solid solution in these minerals. what is 
the partitioning of these elements between the major ore minerals? 
(3) What controls the partitioning and mobility of precious metals 
between th~ minerals? 
The objective of this chapter is to document and desc,·ibe in det<lil the 
distribution of precious metals in the principle ore minerals (sulphides and 
magnetite), and platinum-group minerals (PGM), mainly in the Deep Copper 
Zone. but also between zones using the analytical techniques described in 
Chapters 4 and 5. In Chapter 9. the partitioning of precious metals between 
major ore minerals and the mobility of these element during segregal ,on and 
crystallization will be discussed. 
7 ,2 BRIEF DESCRIPTION OF THE ORE GEOLOGY OF THE STRATHCONA 
MINE 
The Strathcona Mine is divided into five principal mineralized zones (Figure 
6.10). The Hanging Wall Ore Zone is composed of mainly pyrrhotite and 
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pentlandite. which occupy interstitial areas between silicates; it occurs in 
hanging wall breccia and to a lesser extent in xenolithic and mafic ncrit~ . There 
is little or no replacement of silicates by sulphides. 
Most of the Strathcona mineralization is present in the Main Ore Zone, 
which occurs in the Footwall Breccia between the norite and the underlying 
gneiss complex. This breccia varies from 10-60 m in thickness and is 
composed of fragments derived iiom the footwall gneiss complex ICowan, 
1968; and Coats and Snajdr. 1984). The mineralization of the Main Ore Zone 
consists of massive sulphide stringers or fine disseminated sulphides in the 
matrix Of the footwall breccia and forms tile bulk of the Strathcona ore. ::)mall 
scale replacement of silicates ~y sulphides occurs in these ores. 
The Deep Ore Zone was emplaced in fractures in the footwall gneiss as 
much as 90 m below the base of the SIC. Sulphide-granite gneiss contacts are 
sharp with no evidence of alteration or melting of the silicates by sulphides . 
The Deep Ore Zone is characterized by high Cu and Ni contents compared to 
the Hanging Wall Ore Zone and the Main Ore Zone. 
The Copper Zone occurs as a complex system of. up to 6 m wide. 
fracture filling veins. The chalcopyrite veins are hosted completely by the 
footwall gneiss complex. and are located 200-300 m beneath the norite contact 
approximately 150 m NW of the Deep Ore Zone. 
The Deep Copper Zone occurs in footwall rocks 450-600 m beneath the 
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no rite contact where the predominant hosting rocks are gneissic units of the 
Footwall Complex. The ore zone is composed of highly irregular massive 
sulphide veins ranging in thickness from a few millimetres up to 2-3 meters. 
The sulphide veins are predominantlv composed of chalcopyrite, cubanite, and 
pentlandite, in order of abundance, with lesser amounts of pyrrhotite, millerite, 
bornite, and magnetite. Magnetite, which is euhedral, is sometimes replaced 
by chalcopyrite and pentlandite (Figure 7.1a, e). Pentlandite is replaced along 
its cleavages by chaicopyrite (Figure 7.1 c). Cubanite occurs as exsolution 
laminae in chalcopyrite (Figure 7.1d). 
A distinct zoning of Ni over the mine as a whole was demonstrated by 
Cowan (1968) on the basis of 3000 analyses. The Ni content of the sulphide 
varies between 2.5 and 3 percent in the Hanging Wall Ore Zone but increases 
regularly from about 3 to about 5 percent from hanging wall to footwall across 
the Main Ore Zone. In g£neral, Ni contours parallel the base of the SIC. The 
variation of Cu contents is more irregular but a general increase from 1 percent 
in the Hanging Wall Ore Zone to about 3-4 percent in the footwall and Deep 
Ore Zone. Further, the Cu:Ni ratio progressively increases from hanging wall 
to footwall in the Main Ore Lone. The distributions of the precious metals are 
also zoned (Naldrett et al., 1982), 
The focus of this study is on the distributions of the precil"tus metals 
among coexisting sL,phides and magnetite and is mainly concentrated on the 
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Deep Copper Zone. though differences among the zones are also discussed . 
7.3 SAMPLING AND ANALYTICAL TECHNIQUES 
Ten representative samples were collected from the Deep Copper Zone at the 
Strathcona Mine during the summer of 1991. Sample locations and brief 
descriptions are listed in Table 7.1. 
Samples for mineral separates were first selected using a petrographic 
microscope to minimize exsolution lamellae or flames of pentlandite in 
pyrrhotite grains, and then approximately 1 kilogram of each sample was 
crushed and sieved to obtain a 60 mesh fraction. Mineral separation was 
carried out mainly by magnetic methods. Finally 30-40 mg of high purity 
mineral separates were selected by hand picking under a binocular microscope . 
All mineral separates for precious metal analysis were checked by X-Ray 
Diffraction (XRD) to ensure their purity. 
Precious metal analysis of mir.eral separates was carried out by the 
methods described in Chapter 5, with quantification by ICP-MS. Samples of 
20 mg were first dissolved with HCI and evaporated to dryness. then 
redissolved with aqua regia. Solutions were then transformed to the CI form 
by three evaporations with 6 M Hel, and precious metals were separated from 
base metals by cation exchange. 
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Table 7.1 Location and brief description of the samples from the Deep Copper 
Zone at the Strathcona Mine 
Sample Location Ore Type 
91 -ZC-15 Strathcona Deep Copper Massive sulphide ore (55% 
Zone, Level 39 8-46 Cpy, 25% Cub, 10% Mt, 
5% Po, and 5% Pn) 
91-ZC-16 Strathcona Deep Copper Massive sulphide ore vein 
Zone, Level 39 B-45 (75% Cpy. ~ 0% Pn. and 
, 5% xenolith inclusions) 
91-ZC-17 Strathcona Deep Copper Massive sulphide ore vein 
Zone. Level 39 8-45 (80% Cpy and 15% Po) 
91-ZC-18 Strathcona Deep Copper Massive sulphide ore (60% 
Zone. Level 39 B-45 Cpy, 20% Cub, 15 % Pn, 
and 5% Po) in contact with 
a diabase dyke 
91-ZC-20 Strathcona Deep Copper Ouartz-carbonate-
Zone. Level 42 D- 7 chalcopyrite vein 
91-ZC-21 Strathcona Deep Copper Massive sulphide ore vein in 
Zone, Level 42 0- 7 contact with the Sudbury 
Breccia 
91-ZC-22 Strathcona Deep Copper Massive sulphide ore vein 
Zone. Level 42 0-13 175% Cpy, 10% Cub. 10% 
Pn. and 5 % Mt) 
91-ZC-23 Strathcona Deep Copper The same vein above in 
Zone, Level 42 0-13 contact with the footwall 
Sudbury Breccia. 
91-ZC-24 Strathcona Deep Copper Massive sulphide ore in 
Zone. Level 42 0-1 3 contact with Sudbury 
Breccia 
91-ZC-25 Strathcona Deep Copper Massive coarse-grained 
Zone, Level 42 B-5 millerite (85% Mi and 15% 
Pn) 
Cpy: chalcopyrite Po: pyrrhotite Pn: pentlandite Mt: Magnetite 
Cub: cubanite Mi: millerite 
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Platinum-group minerals were analyzed lIsing a laser ablation m~croprobe 
ICP-MS (Jackson et al., 1993) and a CAMECA SX-50 electron microprobe 
(EMP) at Memorial University of Newfoundland (MUN). In electron microprobe 
analyses, the following X-ray lines were used: PtMa, PdLa, AuMa, SiMa, SKa, 
NiKa, Tela, Sbla, AsKa, SnLa, FeKo, CuKo, Cdlo, ZnKa, Aglo, and CoKo. 
Pure precious metals, or their arsenides and bismuthides were used as 
calibration standards. Since the standards were not accurately determined, 
data in these analyses should only be considered as semi-Quantitative . For 
minerals with dimension less than 10 J,Jm, there was also a problem of electron 
excitation volume. Solid limits of detection are 240 ppb (Ru)' 43 ppb (Rh)' 180 
ppb (Pd), 26 ppb (lr), 88 ppb (Ptl. and 88 ppb (Au) by LAM-ICP-MS; and 0.1-
1.0% by energy dispersive EMP. 
7.4 ANAL YTICAl RESULTS 
The analytical data for 7 precious metals (Ru , Rh, Pd, Re, ~r, Pt, and Au) in 
different minerals are presented in Table 7.2 and shown on Figure 7.2. The 
mean concentrations of Ru, Rh, Pd, Re, Ir, Pt, and Au are 2.5 ppb, 5 .5 ppb, 
2650 ppb, 1.1 ppb, 0.6 ppb, 1870 ppb, and 23.6 ppb, respectively, in 
chalcopyrite; less than 2.4 ppb, 5.3 ppb, 1670 ppb, 1.6 ppb, 0.5 ppb, 2120 
ppb, and 1024 ppb, respectively in magnetite; 7.1 ppb, less than 0.3 ppb, 
Table 7.2 Concentrations (ppb) of precious metals ir. sulphides and magnetite from the Strathcona 
Deep - Cq>per Zone. Samples are described in Table 7.1 
Sample Mineral Sample Size Ru Rh Pd Re Ir Pt Au 
91ZC15 Cpy 20mg <2.4 10.2 4000 <0.6 <0.5 2510 31.9 
91ZC18 Cpy 20mg 2.8 5.2 <29 1.2 <0.5 76 <3.7 
91ZC20 Cpy 20mg <2.4 5.0 1920 2.3 1.0 1050 53.3 
91ZC21 Cpy 20mg 2.8 3.0 91 0.6 1.9 285 <3.7 
91ZC22 Cpy 20mg <2.4 6.3 9140 1.7 <0.5 6440 14.1 
91ZC23 Cpy 20mg 5.6 3.2 125 <0.6 <0.5 845 38.7 
Mean* Cpy 2.5 5.5 2650 1.1 0.6 1870 23.6 
91ZC15 Mt 20 rng <2.4 6.5 2190 0.9 <0.5 4990 52.9 
91ZC15 Mt 20mg 4.6 5.7 116 <0.6 0.5 139 <3.7 
91Z.C15 Mt 20mg <2.4 6.5 1520 <0.6 0.9 2120 3.9 
91ZC15 Mt 20mg <2.4 6.1 3030 0.6 0.5 3010 17.1 
91ZC15 Mt 20mg <2.4 2.3 2280 <0.6 <0.5 5520 102 
91ZC21 Mt 20mg <2.4 6.3 152 <0.6 1.0 606 8.3 
91ZC22 Mt 20mg <2.4 8.5 667 9.6 <0.5 78 <3.7 
91ZC23 Mt 20mg <2.4 <0.3 3390 <0.6 <0.5 4&1 8010 
Mean· Mt <2.4 5.3 1670 1.6 0.5 2120 1020 
91ZC2O Pn 20mg 7.1 <0.3 2260 <0.6 <0.5 1760 429 
91ZC15 Po 20mg 3.6 46.1 307 <0.6 <0.5 805 <3.7 
LOD 2.4 0.3 29 0.6 0.5 2.0 3.7 
--
• for the data less than deteC!:on limits, 1/2 detection limit was used for mean calculation 
0> 
U> 
Cpy- -Chalcopyrite Mt - - Magnetite Pn - - Pentlandite Po- -pyrrhotite 
LOD- -Umit of detection 
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2260 ppb. less than 0.6 ppb. less than 0.5 ppb, 1760 ppb, and 429 ppb. 
respectively in pentlandite; and 3.6 ppb. 46 ppb. 307 ppb, less than 0.6 ppb, 
less than 0.5 ppb. 805 ppb, and less than 3.7 ppb, respectively in pyrrhotite. 
Although the precious metal contents among these minerals are variable. 
some general features can be drawn from these data: 
(1) Analytical data for Ru. Rh, Re, and Ir are more consistent than those 
of Pt, Pd, and Au, suggesting that these elements may be, or originally were. 
in solid solution in the sulphides and magnetite. The remarkable variation or Pd. 
Pt, and Au contents suggest the presence of discrete precious metal phases 
containing these elements. which manifest themselves in the analyses by 
producing a heterogeneous "nugget-effect". 
(2) Ru, Rh, and Ir broadly show the same distribution and partitioning. 
An apparent preferential association of these elements with specific minerals 
follows the sequence: sulphide > magnetite. 
(3) Pd. Pt, and Au concentrations. are two to three orders of magnitude 
higher than the other precious metals, and they show no preferential 
partitioning among the minerals. 
(4) Magnetite, usually regarded as a poor host for precious me ..... s. is 
remarkably enriched in Pt and Pd in the Deep Copper Zone. 
• _. /' _ .' • f .' 
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7.5 PRECIOUS METALS IN THE MINERALS FROM THE DEEP COPPER ZONE 
7 .5.1 MAJOR ORE MINERALS 
There was considerable variation in the measured precious metal contents for 
some elements Ii. e., Pt, Pd, and Au) in replicates of magnetite in Sample 91· 
ZC-15 (Table 7.2). Replicate analyses of the precious metals In the magnetite 
(Figure 7.2) indicate that these elements are very heterogeneously distributed 
in 20 mg samples even within the same handspecimen, particularly Pd, Pt and 
Au. One reason for such variation is that some minor precious metal-enriched 
inclusions are ir.clud~d in these ore minerals. Electron microprobe and LAM-
ICP-MS analyses have confirmed the presence of some of these inclusions (see 
Chapter 4 and later in this Chapter). 
Within the Deep Copper Zone, there was also considerable variation in 
precious metal contents of the same mineral between the different samples 
(Table 7.2) and between minerals. In magnetite. Ru ranges from less than 2.4 
ppb to 4.6 ppb. Rh from less than 0.3 ppb to 8.5 ppb, Pd from 116 ppb to 
3390 ppb, Re from less than 0.6 ppb to 9.6 ppb, Ir from less than 0.5 ppb to 
1.0 ppb. Pt from 78 ppb to 5520 ppb. and Au from less thar. 3.7 ppb to 8010 
ppb. In chalcopyrite. Ru ranges from less than 2.4 ppb to 5.6 ppb, Rh from 
3.0 ppb to 10.2 ppb, Pd from less than 29 ppb to 9140 ppb. Re from less than 
0.6 ppb to 2.3 ppb, Ir from less than 0.5 ppb to 1.9 ppb, Pt from 76 ppb to 
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6440 ppb, and Au from less than 3.7 ppb to 38.7 ppb. In pyrrhotite. Ru. Rh. 
Pd, Re, Ir, Pt, and Au are 3.e ppb. 46 ppb, 307 ppb, less than 0 .6 ppb. less 
than 0.5. 805 ppb, and less than 3.7 ppb, respectively. In pentlandite. Ru. Rh. 
Pd, Re, Ir, Pt, and Au are 7.1 ppb, less than ppb, 2260 ppb, less than 0.6 ppb, 
less than 0.5, 1760 ppb, and I~ss than 429 ppb, respectively. 
7.5.2. PRECIOUS METAL MINERALS 
Since large variations in Pd, Pt and Au concentrations are shown in individual 
ore minerals, they probably occur. in part, as inclusions of precious metal-
enriched phases in the Deep Copper Zone ores. Some electron microprobe 
analyses of precious metal minerals are presented in Table 7.3. Table 7.3 
shows that froodite (PdBi 2 ) is a common Pd-rich mineral. Most of these oval 
frcodites occur at the grain boundaries between the major ore minerals or in 
microfractures in the ores. A few occur as isolated tiny inclusions which werp, 
probably included in the major ore mineral separates (Figure 7.3b). Electron 
microprobe analyses have also indicated some unidentified Pt-rich phases (Bi-
As-S, Bi-Fe-As-S, Bi-Te-Bi-As-S and Cu-Fe-Bi-As-S) which contain 1-4% Pt 
(Table 7.3). Most of these Pt-rich phases were located at the grain boundaries 
of the major ore minerals, but some were included in these ore minerals. Gold 
occurs as discrete native Au alloys or as a component of the Pt enriched phase 
(Phase 1, Table 7.3) in the main ore minerals or as isolated discrete phases at 
A • • R. ' ~'-, • '. ' : ." • • 
Table 7.3 Semi -""anlitalive el ec tron mic:roprobe analyses (WI %1 01 the prec:ious melal- bearing ph ases in the sulphide ore (91 -ZC -151 from 
the Strathcona Oeee-Cog(!er Zooe 
Pha.e S A. Te BI Fe Cu Ni Co Zn Cd Sn Sb Pt Pd 
Ph ••• 1 27.60 18.83 0.32 36.98 2.06 1.02 O.~ 0.12 7.26 0.00 0.66 0.49 3.'" 0.00 
Ph ••• 1 27.87 19.n 0.53 38.65 2.'n " .02 0.04 0.00 0.03 0.00 0.62 0.47 3.80 0.00 
P ...... , :?6.98 19.34 0.41 39.10 6 .78 0.41 0.00 0.00 0.00 0.00 0.82 0.58 4.15 0.00 
Phase 2 13.05 14.68 28.71 31.71 2.28 3.40 0.12 C.01 0.34 0.00 0.63 0.59 3.98 0.00 
Ph ... 3 32.23 14.66 0.35 25.86 '''.66 8.13 0.00 0.00 0.06 0.00 0.54 0.46 2.'0 0.00 
Ph ... 3 30.17 13.82 O.eo 20.31 20.66 10.94 0.00 0.00 0.00 0.00 0.53 0.53 1.89 0.00 
Pha .... 4.61 1.01 0.03 8.29 84.03 0.15 0.17 0.00 0.05 0.00 0.05 0.00 1.34 0.00 
PhaseS 19.98 0.40 0.05 0.00 5.81 53.30 0.00 0.00 0 .18 0 .23 0.00 0.00 0.00 0.06 
Ph ... 5 22.96 0.58 0.09 0.00 12.59 .. 8.75 0.02 0.00 0.32 0.34 0.00 0.00 0.00 0.00 
PhaseS 20.56 0.63 0.30 0.00 4.00 55.01 0.10 0.00 0.04 0.68 0.01 0.00 0.00 0.00 
Ph ... 5 25.07 0.81 015 O.flO 12.36 46.80 0.00 0.00 0.14 0.00 0.24 0.00 0.00 0.00 
froodite 0.22 0.00 0.00 81.70 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1."7 16.60 
Froodite 0.58 0.00 0.00 80.18 Ul9 0.00 0.00 0.00 0.00 0.00 0.09 0.17 1.55 16.34 
Gold 5.00 0.00 0.01 0.00 18.01 0.32 0.11 0.00 0.00 0.59 0.00 0.00 0 .00 0.44 


































the grain boundaries. Electron microprobe analysis has identified one such alloy 
(Au-Fe-Ag) which was found at a grain boundary between chalcopyrite and 
magnetite (Figure 7.3b) (Table 7.3). Although sliver was not included in this 
study, the electron microprobe analyses ind:cate that the majority of the Ag is 
present in chalcopyrite as micro exsolutions of other phases (i. e. concentrated 
during exsolution) (Table 7.3) and as native Ag (Figure 7.3c). Li and Naldrett 
(1993) have reported some other platinum-group minerals: insizwaite 
[Pt(Bi,Sb)2J. niggliite (PtSn), sichenerite {(Pd,Pt)BiTe). sperrylite (PtAs 1 ). 
sobolevskite (PdBi), paolovite (Pd 1Sn), Pd-Bi chloride and CI-bearing Pd-Bi 
sulphide from the Deep Copper Zone at the Strathcona Mine. 
7.6 VARIATIONS OF THE PRECIOUS METALS IN THE MAJOR ORE 
MINERALS IN THE DIFFERENT ORE ZONES 
The mean concentrations of the precious metals in the major sulphides and 
magnetite in different ore zones (compiled from Keavs and Crocket. 1970. Chyi 
and Crocket, 1976, and this study) are presented in Table 7.4. Comparisons 
of precious metal concentrations in are minerals from different ore zones are 
difficult, due to: (1) lack of analytical data in the literature for Ru, Rh. Re, and 
Pt in mineral separates from the Hanging Wall Ore Zone, the Main Ore Zone, 
Table 7 .4 Avel39!:! concentrctions IDPb) of the Q!ecious melals in sulJt1ides and m(KJletite in different ore zone of Stl3thcona mine* 
Mineral Ore Zone Au Rh Pd Re Ir Pt Au 
Chalcopyrite MOl 11.6 555 0.78 26.4 
Chalcopyrite DOZ 15.2 600 6.74 792 22.2 
Chalcopyrite DCl 2.5 5.5 2650 1.10 0.60 1867 23.6 
Magletite H'NO 11.4 1.20 0 .70 
Magletite MOl 7.05 0.'Z1 2.24 
Magletite DOZ 14.4 1.41 446 4.31 
Magletite DCZ <2.4 5.3 1670 1.60 O.SO 2117 1020 
Penttandte MOl 22.1 101 1.95 74.5 
Pendandte DOl 2070 2.02 875 118 
PenUandte DeZ 7.1 <0.3 2260 0.20 <0.5 1758 429 
Pyrrhotite H'NO 25.4 69.1 44.1 7.50 
Pyrrhotite MOZ 6.0 177 4.93 18.8 
Pyrrtlaite DOl SO.S 179 1.45 7:1) 10.6 
P):fltlOtite DCZ 3.6 46.1 3fJ7 <0.6 <0.5 sa; <3.7 
Del - Deep Copper Zone DOl - Deep Ore Zo.18 
MOZ - Main Ore Zone H'NO - Hangng--Wall Ore 





the Deep Ore Zone, and the Copper Ore Zone; and (2) different analytical 
methods (lNAA vs. ICP-MS) were used, particularly for low concentrations of 
Ru and Ir which show some difference between the two techniques. However. 
available data (Table 7.4) shows variation trends of precious metals in co-
existing ore minerals from different ore zones. The precious metal 
concentrations in the four minerals in the different ore zones normalized to the 
those in the Deep Copper Zone are presented in Figure 7.4. 
Magnetite 
The concentrations of Pd and Au in magnetite increase substantially with depth 
from 11.4 ppb and 0.70 ppb respectively in the Hanging Wall Ore Zone to a 
high of 1670 ppb and 1020 ppb respectively in the Deep Copper Zone (Figure 
7.4b). Platinum contents increase from 446 ppb in the Deep Ore Zone to 1610 
ppb in the Deep Copper Zone (Figure 7 .4b). The concentrations of Ir in 
magnetite change erratically from 1.2 ppb in the Hanging We'l' Ore Zone to 0.5 
ppb in the Deep Copper Zone (Figure 7.4b). 
Chalcopyrite 
Similar to magnetite, the concentrations of Pd in chalcopyrite increase from 
555 ppb in the Main Ore Zone to 2650 ppb in the Deep Copper Zone (Figure 
7 .4d). Platinum contents increase from 792 ppb in the Deep Ore Zone to 1870 
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ppb in the Deep Copper Zone (Figure 7 .4d). Th~ concentrations of Ru. Ir and 
Au in chalcopyrite change erratically from 11.6 ppb, 0.78 ppb, and 26.4 ppb 
respectiv'3ly in the Main Ore Zone to 2.5 ppb, 0.6 ppb and 23.6 respectively 
in the Deep Copper Zone (Figure 7.4d). 
Pyrrhotite 
Similar to magnetite and chalcopyrite, the concentretions of Pd in pyrrhotite 
increase from 69 ppb in the Hanging Wall Ore Zone to 307 ppb in the Deep 
Copper Zone (Figure 7 .4a). The concentratiol1s of gold change erratically from 
7.5 ppb in the Hanging Wall Ore Zone to less than 3.7 ppb in the Deep Copper 
Zone. Platinum contents increCise from 735 ppb in the Deep Ore Zone to 805 
ppb in the Deep Copper Zone (Figure 7 .4a). The concentrations of Ru and Ir 
in pyrrhotite change erratically from 25 ppb and 44 ppb respectively in the 
Hanging Wall Ore Zone to 3.6 ppb and less than 0.5 ppb respectively in the 
Deep Copper Zone. 
Pentlandite 
The concentrations of Pd and Au in pentlandite increase from 101 ppb and 
74.5 ppb respectively; to 2260 ppb and 429 ppb respectively in the Deep 
Copper Zone (Figure 7.4cl. Platinum contents increase from 875 ppb in the 
Deep Ore Zone to 1940 ppb in the Deep Copper Zone (Figure 7.4c). The 
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concentrations of Ru and Ir in pentlandite decrease from 22 ppb and 1.95 ppb. 
I'espectively in the Main Ore Zone to 7.1 ppb and less than 0 .5 ppb. 
respectively in the Deep Copper Zone (Figure 7.4cl. 
7.7 DISCUSSION 
7 .7.' DISTRIBUTION OF THE PRECIOUS METALS IN THE MAJOR ORE 
MINERALS FROM THE DEEP COPPER ZONE 
Chalcopyrite. pentlandite, pyrrhotite. and magnetite are the major ore minerals 
in the Deep Copper Zone. The contents of the Ru. Rh. and Ir in these minerals 
in the replicate analyses are more consistent than those of Pt. Pd. and Au. 
indicating that these elements may be. or have been. in solid solution in thp')e 
minerals. The remarkable variation of Pd. Pt, and Au contents suggest the 
presence of discrete precious metal phases in these minerals. which has been 
confirmed by electron microprobe data (Table 7.31. Micrographic studies show 
that most of these precious metal minerals occur at the grain boundaries 
between the major ore minerals or in microfractures in the ores. but a few 
such minerals are included in the major ore minerals as tiny inclusions . Precious 
metal analysis of the mineral separates in this study probably includes s()me of 
these inclusions. However, reasonable correlation between Pt and Pd was 
observed (Figure 7. Sa), which may indicate that the "nugget-effret" for these 
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elements is somewh;..t reproducible . No linear correlations between the 
concentrations of Au, Ah, and Ir; and those of Pt, Pd, and Au were observed 
(Figure 7.5b). 
The distributions of the preciol'~ metals impact on the metallurgical 
extraction of the metals. High contents of Pt and Pd in the form of Pt· and Pd-
rich trace phases included in [he magnetite may explain the poor metallurgical 
recovery of these elements from some ores. 
Chyi and Crocket (1976) have shown that individual PGEs and gold are 
strongly associated with specific sulphide minerals. Pd and Au are 
concentrated in pentlandite, and Pt and Ir are associated w ith chalcopyrite. 
Relative to the most abundant sulphide, pyrrhotite, Pd and Au are concentrated 
in pentlandite by a factor of approximately 14, and Pt and Ir are concentrated 
in chalcopyrite by a factor of approximately 6. However, data in this study 
shows these trends are not appiicable to the Deep Copper Zone . Ruthenium, 
Rh, and Ir have essentially the same distribution and partitioning between the 
major ore minerals. An apparent preferential association of Ru, Ir, and Ah with 
specific minerals follows the sequence: sulphide> magnetite (Table 7.2 and 
Figure 7.6). However, Pd, Pt, and Au concentrations that are two to three 
orders of magnitude higher than the rest of the precious metals, show no 
pronounced preferential partitioning among these minerals (Table 7.2 and Figure 
7.6) . 
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Mean chondrite normalized data of precious metals between coexisting 
ore minerals in the Deep Copper Zone at the Strathcona Mine (Figure 7 .6) 
indicate that these major are minerals are all depleted in the Ir group of 
platinum-group elements (Ru. Rh. as. and Ir) (lPGEI. and enriche .· in the Pd 
group of platinum group elements (Pd. Pt. and Au) (PPGE). 
7.7 .2 FRACTIONATION OF THE PRECIOUS METALS IN MAJOR ORE 
MINERALS IN THE DIFFERENT ORE ZONES 
Naldrett et al. (1982) have shown that mean chondrite normalized 
concentrations of PGE and Au from bulk ores exhibit a pronounced zoning 
within the Strathcona deposit (Figure 7 . 7a). The Hanging Wall Ore Zone has an 
unusually shallow slope with a (Pt + Pd )/(Ru + Ir + as) ratio of 2.2 . The ore from 
the Main are Zone shows a strongly sloping profile I (Pt + Pd)/(Ru + Ir + as) = 34) . 
The ore from the Deep Ore Zone shows an even steeper profile with a 
(Pt + Pd)/(Ru + Ir + Os) ratio of greater than 134. 
Available data (Keays and Crocket. 1970. Chyi and Cracket. 1976. and 
this study) shows that the PGE fractionation patterns in the co-existing major 
are mineral separates from the four mineralization zones are quite different 
(Figure 7.7b-e). In general. the concentrations of Pt. Pd. and Au in the major 
ore minerals increase progressively from the Hanging Wall Ore Zone through the 
Main Ore Zone and the Deep Ore Zone into the Deep Copper Zone; and Ru. Rh. 
" ~ .' 
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and Ir show the reverse trend . These trends are consistent with results for bulk 
precious metal analyses (Figure 7.7a) (Naldrett et al., 1982). However, each 
individual mineral shows different degrees of fractionation between the 
different are zones. From the Hanging Wall Ore Zone into the Deep Copper 
Zone, magnetite and pyrrhotite display strong precious metal fractionation 
(Figure 7.7b-c). Pyrrhotite and magnetite in the Hanging Wall Ore Zone show 
almost flat chand rite normalized PGE patterns, and increasingly steeper patterns 
from the Main Ore Zone to the Deep Copper Zone (Figure 7. 7b-c). Both Pt and 
Pd reach their maximum in the Deep Copper Zone. However chalcopyrite and 
pentlandite show little fractionation of the precious metals between the 
different are zones. Analytical data for chalcopyrite and pentlandite from the 
Hanging Wall Ore Zone are not available. Chalcopyrite exhibits similar steep 
patterns from the Main Ore Zone to the Deep r:opper Zone (Figure 7 .7d) . The 
PGE patterns for pentlandite are increasingly steep from the Main Ore Zone to 
the Deep Copper Zone are (Figure 7. 7e). 
The marked fractionation of precious metals between Footwall and 
Hanging Wall Ore Zones suggests ~trong partitioning of these metals between 
pyrrhotite solid solutioI"' and a sulphide melt phase (Keays and C(ocket, 1970). 
Naldrett and Kullerud (1968) studied the Srrathcona are mineral paragenesis on 
the basis of textural observations and inferences from experimental data. They 
concluded that the hanging wall sulphides resulted from crvstallization of a high 
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temp~rature pyrrhotite solid solution at around 11000 C from an immiscible 
sulphide-oxide liquid emplaced at approximately 1200oC, together with the 
Sublayer magma. Subsolidus exsolution of pyrite occurred below 70UoC, 
chalcopyrite below 450°C, and pentlandite below 300°C. The footwall 
sulphides represent that portion of the immiscible sulphide-oxide liquid which 
settled out of the Sublayer magma and collected at the base of the SIC or ir 
fissures in the footwall rocks. 
The results of an experimental study of the behaviour of the light PGE's 
in nickel-iron melts showed that during crystallization these elements are 
distributed differently between the early crystalline phase (an iron-nickel mono-
sulphide solid solution (Mss)) and the residual melt (Distler et a/" 1977 and 
Malevskiy et al., 1977). The Mss is enriched in Rh and Ru, and the residual 
melt in Pd. Thus during crystal fractionation of the sulphide melt, early forming 
Mss could crystallize and settle out to the base of the sulphide pile, thereby 
depleting the remaining sulphide melt in the IPGE and Fe and Ni, and enriching 
the remaining melt in the PPGE and Cu. The distributions of the precious 
metals in coexisting ore minerals from the different ore zones at the Strathcona 
Mine are consistent with the above experiment results. 
7.8 CONCLUSIONS 
(1) Analytical data for Au, Rh, Re, and Ir are less vari~ble than those 
----".1' '\' • 
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for Pt, Pd, and Au. The low variab;lity in concentrations of Ru, Rh, and Ir 
suggests that these element are probably in, or were originally in, solid solution 
in the sulphides and magnetite. The remarkable variation of Pd, Pt. and Au 
contents suggest the presence of discrete precious metal phases in the are 
minerals, which was confirmed by electron microprobe data. 
(2) Ru, Rh, and Ir partition in a coherent fashion . An apparent 
preferential association of these elements with specific minerals follows the 
sequence: sulphide > magnetite. 
(3) Pd, Pt, and Au concentrations are two to three orders of 
magnitude higt,er than the rest of the precious metals and do not exhibit 
preferential partitioning among these minerals. Most of these metals were 
found as tiny discrete phases either locLted at the grain boundaries of the major 
ore minerals and in microfractures. or included in these are minerals. 
(4) Magnetite, usually regarded as poor in precious metals, included 
significant Pt- and Pd-rich phases in the Deep Copper Zone . 
The dIstribution of the precious metals in coexisting ore minerals provide 
clues to understanding the petrogenesis, such as the behaviour of these 
element during crystallization and exolution (see Chapter 9). Precious metal 
analyses of mineral separates also provide an important technique in evaluating 













Figure 7.1 Photomicrographs illustrating textural relations of ore minerals . (a) 
Magnetite replaced by chalcopyrite and pentlandite (91-ZC-1S). (b) Intergrowth 
between pentlandite and chalcopyrite (91-ZC-16). (c) Pentlandite replaced along 
its cleavages by chalcopyrite (91-ZC-20). (d) Cubanite exsolution laminae in 
chalcopyrite (91-ZC-23). (e) Euhedral or subeuhedral magnetite in massive 
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Figure 7.2 Variation of precious metal contents in magnetite (91-ZC-15) from 
the Deep Copper Zone of the Strathcona Mine normalized to chondrite values. 
Five individual replicate analyses are presented for one sample. Sample 
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Figure 7.3 Scanning electron photomicrograph of the precious metal 
minerals and their host minerals in Sample 91-ZC-1S. (a) froodite, (b) 
















' Pt • Au 
0.0001 














• Ru 0 Pd 6 Ir x Pt + Au 
0.1 
MOZ DOZ DCZ 
Figure 7.4 Variations of precious metal contents in the major minerals from the 
different are zones (data from Keays and Crocket, 1970; and Chyi and Crocket, 
1976) normalized to those in the Deep Copper Zone (data from this study): (a) 
pyrrhotite, (b) magnetite, (c) pentlandite, and (d) chalcopyrite. HWO: Hanging 
Wall Ore, MOl: Main Ore Zone, DOl: Deep Ore lone, and DCZ: Deep Copper 
Zone. Data summarized in Table 7.4. 
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Figure 7.5 Correlations of the precious mel.\ concentrations in the major ore 
minerals (magnetite, pyrrhotite, pentlandite, and chalco" . '-"~~ ) from the Strathcona 























Figure 7.6 Mean chondrite-normalized data for the precious metals in the 
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Figure 77 Chondrite normalized patterns of the precious metals in (a) whole rock 
(data from Naldrett, 1984), (b) magnetite, (c) pyrrhotite, (d) pentlandite, and (e) 
chalcopyrite in the different are zones. Data for (b), (c), (d), and (e) from Keays 
and Crocket (1970), Chyi and Cracket (1976), and this study (Table 7.4) 
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CHAPTER 8 
GEOLOGY AND PRECIOUS ME"CAL DISTRIBUTIONS OF 
THAYER LINDSLEY MINE, SUDBURY 
8.1 INTRODUCTION 
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The Thayer Lindsley Mine (Falconbridge Limited). located in the South Range 
of the Sudbury Igneous Complex (SIC) (Figure 6 .1), is one of many Ni-Cu-PGE 
orebodies hosted in the Sublayer and the footwall Sudbury Breccia to the SIC. 
It is a recently developed Ni-Cu-PGE deposit with preliminary underground 
diamond drilling only completed in June, 1992. A report by Binney et al. 
(1992) indicated that progressive depletion of Ni, Co, Ir, and Au is accompanied 
by enrichment of Pt, Pd, Au, and Cu in a sequen.;e from the Cu-poor Sublayer 
through to the extreme margins of the footwall 4B Ore Zone . However, r.o 
detailed study of the geology and precious metal geochemistry has been 
reported . 
The objectives of this chapter are to: 
') document the geology (geological setting, mineralogy, texture, and 
fabric) of the ore deposit based on megascopic observations and ore 
petrographic studies; 
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2) determine the concentrations of the precious metals (Ru. Rh. Pd. Re. Ir. 
Pt, and Au) in bulk sulphide ores, and in high purity sulphide (pyrrhotite, 
chalcopyrite, pentlandite, pyrite, and marcasite) and magnetite separates 
using the analytical techniques described in chapters 4 and 5; 
3) determine the .~istribution of the precious metals among coexisting 
sulphides and magnetite; 
4) investigate the platinum-group minerals (PGM) using a scanning electron 
microscope and an electron microprobe; 
5) estimate the relative proportions of the precious metals in solid solution 
in the major ore minerals and in discrete independent precious metal 
phases in the sulphide ores; and 
6) investigate the spatial distributions and variations of the precious mt.'tals 
within the 48 Ore Zone (Figure 8.2); 
8.2 GEOLOGY OF THE THAYER LINDSLEY MINE 
8.2.1 GENERAL GEOLOGY 
The Thayer Lindsley Mine is located on the South Range of the SIC (Figure 
6.1). Binney et81.(1992) described the general geology of the deposit. The 
footwall rocks to the SIC at the Thayer Lindsley Mine consist of Huronian 
volcanic and intrusive rocks of the Elsie Mountain Formation, intruded by the 
.' "- '\ , 
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Murray Granite (Figure 8.1). The hanging wall ((Icks are South Range no rite 
and gabbro of the SIC. The sheet-like Sublayer appears continuous along the 
contact between the SIC and the footwall Huronian volcanic rocks and granite. 
South Range Norite and Quartz Gabbro 
South Range no rite that overlies either Sublayer or footwall rocks at the Thayer 
Lindsley Mine is approximatelv 1800 m thick (Binney et al .. 1992). The mean 
modal mineralogical composition for the no rite is 40-50% plagioclase (An 45-
50).25-30% amphibole. 5- 10% biotite. and 5% quartz. Most amphiboles were 
derived from alteration of ortho-pyroxenes. Minor constituents include apatite. 
zircon. magnetite. disseminated sulphides. and altered chlorite. Quartz g3bbro 
overlies the South Range no rite to the north. It is a medium- to coarse-grained 
light coloured rock with a modal mineral compositiun of 40% plagioclase. 40% 
amphibole (after pyroxene). 10% quartz. with trace apatite and magnetite. 
Sublayer 
The Sublayer. which is an important ore host at the Thayer Lindsley Mine. 
forms an irregular, discontinuous sheet up to 60 m in thickness at the base of 
the SIC (Binney et al., 1992). The Sublayer comprises subrounded fragments 
(up to 10m across) of norite. gabbro. ultramafic rock. meta-basalt. and granite. 
Sulphides are ubiquitous in the matrix of breccia. 
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Elsie Mountain Formation 
Elsie Mountain Formation which underlies the SIC includes meta-basalt. and an 
irregular sill of meta-gabbro (Figure 8 . ' I. The modal mineral composition of the 
altered nasalt is 55-60% amphibole. 20-30% feldspar. 2-10% quartz . with 
lesser amounts of sericite, epidote. carbonate. and magnetite. Trace amounts 
of pyrrhotite and chalcopyrite are present. Gabbro sills. from fine to medium 
grained, consist of 70% amphibole, 25-30% feldspar. and 2% Quartz . 
Murray Granite 
The Murray Granite, wh;ch intruded the Huronian rocks in the footwall. is a pink 
biotite granite (2388 -r20/-13 Ma. Krogh et al., 19841. The mean modal 
mineral composition of this fine grained and eQuigranular rock is 55-60% 
feldspar (microcline, albite, and cryptoperthite), 25-30% Quartz, 5% biotite, 1 % 
muscovite, 2% epidote, and minor carbonate, sphene, zircon, and magnetite . 
The granite contains numerous 1·2 m size basalt ic xenoliths and less common 
gabbr<. xenoliths near its contacts with Huronian rocks. In close proximity to 
the ore zones, the granite is sheared, silicified, cut by Quartz or chalcopyrite 
veins, or impregnated with disseminated chalcopyrite (Binney et al .• 1992). 
8.2.2 GEOLOGY OF THE DEPOSIT 
Most of the Thayer Lindsley mineralization occurs in the Sublayer breccia 
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located at the base of the SIC. There are four ore zones at depths between 
660 m and 1700 m below the surface (Binney et al., 1992) (Figure 8.1 ). Zone 
1 and Zone 2 are hosted by Sublayer breccia and plunge steeply to the north. 
They are located from 660 m to 1300 m below surface, between the SIC and 
the Huronian basalts. Zone 3 is hosted by Sublayer breccia but plunges at 
depths of 1350 m to 1700 m to the south below the granite. Zone 4, which 
consists of massive sulphide ore bodies, lies approximately 40-60 m south of 
the base of the SIC at depths between 1250 m and 1370 m. It is hosted by 
the Murray Granite (Figure 8.2). Pyrrhotite, chalcopyrite, pentlandite, 
magnetite, pyrite, and marcasite are the main are minerals in each of these ore 
zones. The distributions of the precious metals among coexisting sulphides and 
magnetite in Zone 4 are the focus of this study. 
8.2.3 ORE PETROLOGY 
There are two main types of ore in the 4 ore zones, disseminated and massive 
sulphide ores. The disseminated type mostly occurs in rocks of the Sublayer, 
particularly the Sublayer Breccia (Figures 8.3i-j). Disseminated ore contains 5-
50% sulphides and magnetite, and sometimes the sulphide ore occurs as 
discrete patches in the silicate rocks (Figure 8.3j). The contact between the 
ores and the host rocks are diffuse. The modal mineralogy includes 
chalcopyrite (10-30%), pvrrhotite (10-15%), pyrite (5-10%), marcasite 
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(5-10%), magnetite (0-5 %). and minor pentlandite. Pyrite is replaced by 
marcasite. Pentlandite occurs dominantly as exsolution lamellae or flames in 
pyrrhotite grains or as rims surrounding pyrrhotite grains (Figures 8.4d and 
8.4h). 
The massive sulphides in the 49 Ore Zone were collected for this study. 
The massive sulphide ores are the predominant ore type in this zone, and the 
contacts between ore and the sheared granite are sharp . Pyrrhotite (30-90%), 
chalcopyrite (5-40%1. magnetite (5-10%), and pentlandite (0-10%) are the 
main metallic minerals (Figures S.3a-b). Sphalerite, galena, and precious metal 
alloys are minor components. Magnetite typically occurs as discrete euhedral 
crystals (Figure 8.4i) . Pentlandite almost always occurs as exsolution lamellae 
or flames in, or surrounding, pyrrhotite grains (Figures 8.4e and Figure 8 .4g) . 
Pentlandite sometim~s fills the sharp contact between massive pyrrhotite and 
chalcopyrite (Figures 8.4a-bl. Some streaky monomineralic chaicopyrite 
vein lets which cut massive pyrrhotite-pentlandite-chalcopyrite-magnetite 
mineral assemblages can be observed (Figure 8 .3e·fl . Adjacent to silicate 
xenoliths in this ore zone, mineral zoning is displayed wherein massive 
chalcopyrite grades into pentlandite-pyrrhotite to pyrrhotite-chalcopyrite-
magnetite-pentlandite away from the xenoliths towards massive sulphides 
(Figures 8 .3g-h and Figure 8.4j). Close to the granite contacts, there are 
massive chalcopyrite veins or highly disseminated ores. Sometimes the 
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massive sulphide veins extend from the orebodies into the granite. 
8 .3 SAMPLING STRATEGY AND ANALYTICAL TECHNIQUES 
8.3.1 SAMPLING STRATEGY 
Three categories of samples were selected to study the spatial distribution of 
precious metals within the 48 Ore Zone: (1) systematic samples from a drill 
core (TL13-32) through the 4B Ore Zone (Table 8.1 and Figure 8.5); (2) 
systematic samples from several drill cores on a strike along a transect through 
the 4B Ore Zone (Table 8.1 and Figure 8 .6); (3) samples from Sublayer ores . 
In all, twenty samples were carefully selected from drill cores. The selected 
samples had uniform mineral assemblages and avoided obvious cases of two 
generations, such as monomineralic chalcopyrite vein lets cutting massive are. 
Each drill core sample, weighing 0.5 to 1 kilogram, was cut along its length into 
three pans: the middle part was used for petrographic work, the two side parts 
were used for bulk are analysis and mineral separate analysis, 
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Table 8.1 Location and description of the samples from the Thayer Lindsley 
Mine 
(a) Samples from a drill core (TL 13-32) through the 48 Ore Zone (Figure 8.5) 
Semple Location Ore Type 
TL 13-348 Drill core TL 13-34. Massive sulphide ore near the 
9.47 m orebody margin. Po (70%1. Cpy 
(20). Mt (5%1. and Pn (5%) 
TL 13-32A Drill core TL 13-32. Massive &ulphide ore near the 
19.5 m orebody m:ugin . Po (85%1. Cpy 
(5%)' Mt (5%)' and Pn (5%) 
TL 13-32F Drill core TL 13-32. Massive sulphide ore. Po (65%). 
27 .6 m Cpy (20%1. Mt (10%1. and Pn 
(5%) 
Tl13-32J Drill core Tl13-32. Massive sulphide ore. Po (85%). 
34.3 m Cpy (5%). Mt (5%), and Po (5%1 
TL 13-32N Drill core Tl13·32. Massive sulphide ore. Po (70%1. 
40.65 m Cpy (15%1. Mt (10%)' rind Pn 
(10%) 
Tl13-32R Drill core Tl13-32. Quartz-chalcopyrite-pyrrhotite ore 
48.55 m in contact with the Murray Granite . 
Po (60%1. Cpy (30%). Mt (5%1. 
and Pn (5%) 
... 1 : cnalcop nte py y Po: pyrrhotite Pn: pentlandlte Mt: Magnetite 
Sample 









TL 13-161 F 
TL15-01 A 
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(b) Samples from a transect along 
strike through the 48 Ore Zone (Figure 8 .6) 
Location Ore Type 
Drill core TL 13-61, Disseminated sulphide ore. Po 
56.9 m (10%) and Cpy (5%) 
Drill core TL 13-35, Massive sulphide ore. Po (70%), 
36.8 m Cpy (15%), Mt (10%)' and Pn 
(5%) 
'-
Drill core TL 13-32, Massive sulphide ore. Po (85%). 
34.3 m Cpy (5%1. Mt (5%), and Po 
(5%) 
Drill core TL 13-63, Massive sulphide ore. Po (75 %), 
33.1 m Cpy (10%), Mt (10%1. and Pn 
«5%) 
Drill core Tl13-98, Massive sulphide ore. Fo (70%)' 
76.7 m Cpy (10%1. Mt (10%1. and Pn 
(10%) 
Drill core TL 13-96, Massive sulphide ore . Po (40%), 
82.5 m Cpy (20%), Mt (10%), and Pn 
(5%) 
Drill core T113-97, Disseminated sulphide ore. Po 
95 .7 m (35%) and Cpy (15%) 
Drill core TL13-1 OS, Massive sulphide ore. Po (65%), 
80.27 m Cpy (20%)' Mt (10%)' and Pn 
(5%) 
Drill core TL 13-162, Massive sulphide ore. Po (80%), 
98.6 m Cpy (10%)' Mt (5%)' and Pn 
(5%) 
Drill core TL 13-161, Massive sulphide ore. Po (85%), 
116.4 m Cpy (5%), Mt (5%1, and Pn 
( <5%) 
Drill core TL 15-01, Massive sulphide ore. Po (75%), 
158.3 m Cpy (5%). Mt (5%), and Pn 
'10%) 
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(c) Samples from the Sublayer ores 
Sample location Ore Type 
Tl13-S4A Drill core Tl13-S4. Sul'layer massive sulphide are. Po 
12S.8 m (70%), Cpy 15%). and Pn (5%) 
TL 13-97B Drill core TL 13-97. Sublayer disseminal',u sulphide 
102.1 m ore. Po (35%) ar.d :py 115%) 
TL 13-988 Drill core TL 13-98. Sublayer disseminate sulphide 
93.8 m are. Po (15%) and Cpy (10%) 
Samples for bulk analysis were crushed to less than 200 mesh powder 
using a tungsten carbide pulverizer. Quartz sand was pulverized between 
samples to minimize cross contamination between samples. Samples for 
mineral separates were selected petrographically to minimize problems with 
exsolution lamellae or flames of pentlandite in pyrrhotite grains. and then 
crushed and sieved, retaining the SO mesh size fraction. Initial mineral 
separation was carried out using magnetiC methods. Finally 30-40 mg of each 
mineral separate was hand picked using a binocular microscope. All mineral 
separates for precious metal analysis, were checked by X-Ray Diffraction 
Spectrometry (XRD) to ensurE:; their purity. 
8.3.2 ANALYTICAL TECHNIQUES 
Bulk are precious metal analyses were carried out using a nickel sulohide fire 
collection procedure modified from Jackson et al. (1990) (Appendix II. an\,) with 
quantification by inductively coupled plasma-mass spectrometry (lCP·MS) at 
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Memorial University of Newfoundland. The procedure used for collecting the 
PGE and Au combined the standard NiS fire assay technique (Hoffman et al., 
1978), accompanied by Te precipitation (Fryer and Kerrich, 1978), which 
significantly improve the recovery of the PGE and Au . A NiS button was 
prepared by fusing 10.0 9 of powdered samples with a mixture of Ni, S, 
sodium carbonate, borax, and silica . The button was then dissolved in 6 M 
HCI, and the PGE and Au were coprecipitated with Te metal. Concentrated 
HN0 3 was used to dissolve the Te precipitate for ICP-MS ana lysis . Solid limits 
of detection were 0.55 ppb for Au, 0.76 ppb for Rh, 5.1 ppb for Pd, 0.20 ppb 
for Re, 0.29 ppb for 05,0.14 ppb for Ir, 1.6 ppb for Pt, and 0 .93 ppb for Au . 
Precious metal analyses of the mineral separates were carried out by the 
methods described in Chapter 5 . Twenty milligram samples were dissolved in 
6 M Hel, evaporated to dryness, and then redissolved by aqua regia. Sample 
solutions were then transformed to CI form by three evaporations with 6 M 
HCI, and the precious metals separated from the base metals by cation 
exchange. The cation exchange procedure provides recoveries of greater than 
95 % of the precious metals ( > 99 % for the PGE) and separates them from base 
metals (Table 5.3dl . Solid limits of detection are 1.1 ppb for Au, 0.78 DPb for 
Rh, 23 ppb for Pd, 0.65 ppb for Ae, 0 .42 ppb for Ir, 2.0 ppb for Pt, and 10 ppb 
for Au. Os was not determined because of its loss due to the volatility of 
OsO.. Analysis of NiS fire assay beads of the reference material, SARM·7, 
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show good agreement with certified values with relative standard deviations of 
less than 8% (Table 5.6) . 
Platinum-group minerals in polished thin sections were analyzed by a 
CAMECA SX-50 electron microprobe operated at 15 kV. with beam current 
10.07 nA at Memorial University of Newfoundland . In the electron microprobe 
analyses, the following X-ray lines were used: PtMa, Pdla, AuMa. BiMa, SKa, 
NiKa, Tela, Sbla, AsKa, Snlo, FeKo, CuKa, Cd La, ZnKa, Agla, and CoKa. 
Solid limits of detection are 0.1-1.0% by energy dispersive EMP . 
8.4 RESULTS 
8.4.1 CHEMICAL COMPOSITION OF THE ORES 
XRF analyses for the major and trace element components of the bulk sulphide 
ores are presented in Table 8.2 . Si0 2 contents reflect the proportion of silicate 
minerals in the ores, and are usually very low (1-5%). However. samples from 
disseminated ores (i.e. , Sublayer ore) contain significant amounts of SiO;> . 
Copper contents in the ores vary greatly from 0.5 % to 20%, with the majority 
from 1 % to 4%. Nickel contents in the ores, which are more consistent than 
Cu contents, range from 0 .26% to 3.8% with the majority from 1 % to 3.8%. 
There are no correlations between Cu and Ni contents in the ores. 
Tablell2 Chemical compos.ion of the bu. 5Ulphide ()185 I' ThByer Lindslev mine by XRf analnis of llIess"" p<Mdor pellets. 90mple Iocations.nd de$atptons In Tab16 8. 1 


























































































































































































































































































































































10t., wt1b Sulphlll< 
1113-JE 44 lOll 0.00 2.69 4.1 2.13 3.0 22.2 2.12 5.1 0.0. 34 <6 <7 9&6'!1. 97.0% 
TlI3-32A 134 68 0..38 0.00 6.4 4. 10. 3.7 17.5 3.20 4.8 0_0. 55 9.24 <7 99.4% 96.3 ... 
Tl1J-32f 112 1611 0.00 0.00 7.8 2.81 01.8 29.6 3.56 7.7 0..0. 131 <6 <7 10.1.6'" 96.1 ... 
TlI3-J2J 35 22 0.00 17. 29 2.1 0.00 0.4 6.5 2.01 a3 0.9 84 <6 <1 93. 1'" 9&4 ... 
T113-32N 66 74 0.00 1.31 4.2 1.55 3.2 8.3 1.66 1.2. 0.0. 85 7.88 <7 99. 5'11. 97.6'11. 
TLI3-32f1 57 1874 0..00 17.01 5.5 11.79 7.6 8.5 313 0..0. 2.6 35 16.4 <7 108.6'" M_ 
Il13-tllA 0. 529 15.68 20.12 60.6 153 61 .6 363 26.3 429 123 146 81.7 <7 102.9'!1. 32.5'!1. 
TlI3-35C 2e 35 0.00 18.28 to. 0.51 0..0 3.3 3.69 0..0. 0.1 28 <6 <7 97.3'11. 99.3 ... 
Tl13-63oft 62 42 0..33 000 a3 0.00 2.8 9.2 331 1.9 0..0 29 <6 <1 97.4... 98.5 ... 
TlI3-lIM 79 571 0.00 10. 10. 2.6 11.41 a4 18.5 3.09 2.6 0.3 232 <6 <7 100.0'11. 95.5~ 
TU3-96A 72 1231 0.00 0..00 3.8 10.34 3.6 9.11 3.60 5.0. 0.0 116 7.28 <7 103.2'!1. I15.ti'" 
Tl13-87A lOI'l 2!IZ 13.50 0..00 162 206 37. 7 353 16.5 612 77.6 125 12.7 <7 96._ 28.3'!1. 
TlI3-IQ9A 213 276 0.00 0.00 6..7 0..5-4 5.4 26.6 6..10. 9.0 1.4 20 10.0. <7 98.6% 96.2'" 
T113-H128 111 17'9 0.00 7.52 7.3 4.07 4.1 18.0 2.59 14.5 0..0 40 6.60 <7 119.2'11. 94._ 
T113-161f 80 49 0.00 0..00 3.0. 0..60 0..8 18.5 2.:;9 2.3 0.4 24 8.511 <7 97.8'!1. 98.1'" 
T113-161l. 78 611 0..00 5.95 1.5 5.80 2.8 9.7 2.89 2.7 0.0 73 5.38 <7 99. a... 97.2'!I. 
I11S-DIA 84 3 4.00 10..24 9.6 30. 79 10. 1 47.3 :; 52 133 1.8 40. 6.57 <7 100 9% 84. 7'110 
lU3-64A ~1 7:$1 0.00 17.117 20.4119 17.7 63;> 6.35 ~I!I. I 1411 1\1 7.27,/ IIUJ'l" hI.",. 
TU3-978 212 296 13.55 0..00 22. 5 5&27 17.1 61. 1 8.22 19. 7 0.0 1739 0..98 < 1 99.3... 66.4% 
T113-9118 I... 154 11.30 0.39 37.4 229 23.3 244 1.31 101 78.7 47 12.0. <7 100.0% 36.5 ... 




8.4.2 PRECIOUS METAL CONCE~" TRATIONS OF THE ORES IN THE 48 ORE 
ZONE 
Precious metal analytical results of the bulk ores using the NiS sulphide fire 
assay method, results of four sample duplicates, solid limits of detection. and 
results for the geological reference material SARM-7 are presented in Taole 8 .3. 
The concentrations of these metals recalculated to 100 percent sulphides 
(Naldrett, 1984) are shown in Table 8.4. Compared to the hIghly variable Pt. 
and Au contents, the concentrations of Ru, Rh, Pd, Os. and Ir are less variable. 
The ruthenium content in bulk ores varies from 8.5 ppb to 239 ppb with an 
mean of 109 ppb. Two of the samples (TL13-35C and TI13-61A) show 
extremely low concentrations of Ru . Rhodium contents range from 130 ppb to 
1 ,1 20 ppb with the majority of samples having concentrations between 200 
to 350 ppb with an mean of 319 ppb. One sample (TL13-61 A) has an 
extremely high concentration of Rh (1.120 ppb) . Palladium contents are very 
high, ranging from 928 ppb to 20.900 ppb with the majority of samples having 
concentrations from 3000 ppb to 6000 ppb. Two of the samples (TL 13-61 A 
and TL 13-32R) have extremely high Pd (20,900 ppb and 15,600 ppb). 
Osmium and iridium contents are usually low, osmium ranging from 1 ppb to 
37 ppb and iridium from 1 ppb to 90 ppb. Both platinum and gold contents 
vary greatly, Pt ranging from 181 ppb to 13,300 piJb and Au from 7 ppb to 
1283 ppb. 
Table 8.3 Precious metal concentrations (ppb) of the bulk ~Iphide ores at the ThayerJJndsley Mine 
same1e Ru Rh Pd Os Ir Pt Au 
Tl13-34b (1)** 201 265 6619 19.7 75.4 988 6.6 
Tl13-34b (2)" 201 281 5169 21.6 77.4 1017 8.4 
TL13-348 201 273 5894 20.7 76.4 1002 7 .5 
TL 13-32A (1)** 54.2 177 5408 9.1 30.5 334 16.6 
Tl13-32A (2)** 61.3 218 6329 8.9 34.5 524 26.0 
TL13-32A 57.8 197 5868 9.0 32.5 429 21.3 
TL 13-32F (1)** 83.0 313 4942 14.6 45.5 197 176 
TL 13-32F (2)** 90.1 303 5034 14.7 46.2 151 129 
T:"'13-32F 86.5 308 4988 14.6 45.9 174 153 
TL 13-32J (1)** 178 34B 168B 28.0 75.5 2091 32.7 
T113-32J (2)** 184 35~ 1580 25.7 77.7 1562 13.8 
Tl13-32J 181 353 1634 26.8 76.6 1826 23.3 
Tl13-32N 156 324 4785 26.1 73.3 5079 1008 
Tl13-32R 44.4 327 13836 9.1 45.3 11817 693 
Tl13-61A 5.0 36!:; 6800 0.6 0.4 96 418 
Tl13-35C 8.5 80 7338 1.1 5.2 360 lB.7 
TL13-63A 97.3 290 4251 12.5 sr ~ 3806 19.1 
T113-98A 117 237 9472 15.1 56.9 1706 112 
T113-96A 57.2 241 6059 6.6 43.5 1356 226 
TL13-97A 16.2 27 1497 5.0 14.7 1793 49.0 
TL 13-1 ·:)9A 37.9 138 3052 8.4 25.8 2025 130 
Tl13~-162B 107 293 3772 20.8 68.1 1290 129 
T113-161F 160 326 2538 20.7 76.9 1142 118 
TL13-161l 135 275 5062 22.2 63.2 1338 84.6 
Tl15-01A 74.1 178 4304 10.5 39.3 472 53.0 
TL13-64A 137 297 3126 27.1 64.8 374 115 
TL13-97A 56.3 278 1164 12.6 23.6 2995 97.5 
T113-988 87.6 106 339 13.5 29.S 2165 42.3 
SARM -7(this rIXI) 3"08 207 1346 48.3 70.6 3620 251 ~ 
SARM -7(certified) 430 240 1530 63 74 3740 310 I'.) UI SARM - 7(Jackson et aI) 397 212 1353 53 71 3395 253 
LOO- 0.55 0 .76 5.2 0.29 0.14 1.63 0.93 
- LOD: Limits of detection 
*- (1) and (2): Duphcates 
Table B.4 Precious metal concentrations (ppb) of tne bulk sulphide ores reculculated to 100 percent sulphides 
at the Tha~er lindslell Mine 
sample Ru Rh Pd 
TL13-34B 207 2P~ 6077 
TL13-32A 60 205 6092 
TL13-32F 90 320 5189 
T113-32J 184 359 1661 
TL13-J2N 159 332 4902 
TL13-32R 50 368 15569 
TL13-61A 15 1120 20898 
TL13-35C 9 81 7389 
TL13-63A 99 294 4317 
TL13-98A 122 248 9923 
TL13-96A 60 252 6337 
T113-97A 57 96 5298 
TL 13-109A 39 143 3173 
TL13-162B 113 309 3976 
T113-161F 163 332 2586 
TL 13-161 L 139 283 5207 
T115-01A 87 211 5080 
TL13-64A 206 446 4695 
TL13-97A 85 419 1753 
TL13-988 240 291 928 
Average 109 319 6052 
Os Ir 













21 .9 71 .8 











































































8 .4.3 PRECIOUS METAL CONCENTRATION OF MAJOR ORE MINERALS 
Analytical results for the precious metals in the major ore minerals using the 
cation separation method described in Chapter 5 are presented in Table 8.5 . 
Magnetite 
The concentrations of precious metals in magnetite are usually very low; Ru 
ranges from 0.6 ppb to 24 ppb; Rh from 4.2 ppb to 20.9 ppb; Pd from less 
than 1 ppb to 141 ppb (with the exception of two samples which have 
extremely high Pd concentrations of 245 ,000 ppb and 4,800 ppb); Re from 
3.87 ppb to 147 ppb (with the exception of three samples which have high Re 
concentrations from 147 ppb to 1710 ppb); Ir from less than 0.42 ppb to 2.93 
ppb; Pt from 34 ppb to 98 ppb (with the exception of one sample which has 
1610 ppb); and Au from less than 1 ppb to 843 ppb with the majority of the 
samples from 1 ppb to 32 ppb. Some of magnetite samples with anomalously 
high concentrations of one or two precious metals probably contained minor 
precious metal-enriched phases (see later in this chapter). Chapter 7 in this 
thesis and li et al. (1993) reported an oval inclusion of froodite in magnetite in 
the Deep Copper Zone of the Strathcona Mine. 
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Table 8.5 Precious meta concentrCiions (ppb) of the major ore minerals in the Thayer Lindsley mine 
Magnetite (2') mg) 
Ru Rh Pd Re Ir Pt Au 
T113-34B 1.72 4.2 39 32 <0.42 38 2 
T113-32A 2.14 5.8 142 75 <0.42 .... 844 
TL13-32F 23.7 5.0 54 21 <0.42 36 4 
TL13-32J 4.74 49.2 244700 64 2.4 1610 13 
TL13-32N 6.80 9.1 43 37 0.6 37 12 
TL13-32R 2.9" 5.1 77 81 0.5 51 9 
TL13-35C 2.62 4.6 <23.5 4 <0.42 34 1 
TL13-63A 19.0 4.2 <23.5 1710 <0.42 54 2 
Tl13-98A < 1.1 8.2 <23.5 207 0.7 44 32 
Tl13-96A 4.11 20.8 <23.5 60 2.9 92 23 
TL13-109A <1.1 10.0 <23.5 21 1.4 40 10 
Tl13-162B 2.34 7.5 26 39 <0.42 47 6 
TL13-161F < 1.1 9.3 4800 148 <0.42 38 221 
TL13-161L 1.51 7.6 <23.5 90 <0.42 46 478 
TL 15-01A 2.66 19.4 <23.5 23 2.~ 98 129 
Chak:opyrite (20 mg) 
T113-348 12.9 86.2 1370 525 5.3 45 143 
TL13-32A 12.3 69.9 649 75 4.1 40 14 
TL 13-32F 12.8 8.5 1170 5 <0.42 31 80 
TL 13-32J 22.2 17.5 863 360 2.0 32 14 
TL 13-32N 11.4 6.0 369 1 <0.42 32 235 
TL 13-32R 12.0 4.4 439 113 <0.42 37 9 
TL 13-35C 6.0 4.0 499 90 <0.42 38 10 
TL13-63A 10.4 5.4 245 19 0.7 32 414 
TL13-98A 16.0 67.9 1280 67 1.1 266 'Z1 
Tl13-96A 78 179 332 99 9.0 77 3060 
Tl13-97A 87 9.8 801 17 0.5 40 103 
TL13-109A 8.6 50.0 324 56 1.3 37 195 
TL13-162B 86 14.5 27 34 <0.42 36 17 
Tl13-161F 9.0 6.6 49 253 1.1 49 108 
Tl13-161L 7.2 5.8 151 1 <0.42 35 556 
TL13-64A 6.6 7.2 <23.5 <0.65 <0.42 45 17 
T113-97A 58.3 65.6 63 45 1.6 323 375 
Tl13-98B 29.9 128 168 78 2.2 121 31 
LOO* 1.1 0.78 23.5 0.65 0.42 2.0 10.5 
LOO: Limits of detection 
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Table 8.5 Precious metal concentrations (ppb) of the major ore minerals in the Thayer lindSley mine 
!contlnuedl 
Pyrrhotite (20 mg) 
Au Ah Pd Ae Ir PI Au 
T113-348 239 33 350 30 23.2 4 < 10.5 
TL13-32A 75 107 332 37 19.3 46 < 10.5 
TL13-32F 148 288 693 31 31.5 34 17 
TL13-32J 217 330 127 184 48.6 33 < 10.5 
TL13-32N 210 309 267 10 38.0 4 < 10.5 
TL13-32A 292 120 579 126 10.6 2 < 10.5 
T113-35C is 98 355 44 7.1 34 < 10.5 
TL13-63A 86 73 258 66 1.4 16 17 
TL13-98A 176 81 436 23 2.5 2" 21 
TL 13-96A 141 175 242 104 6.0 129 20 
TL13-109A 88 102 t0300 216 8.0 23 11 
TL13-162B 145 76 64 229 0.4 18 < 10.5 
TL13-161F 126 98 315 13 24 .2 8 < 10.5 
TL15-01A 200 59 79 670 12.3 2 < 10.5 
Pentlandlte (20 mg) 
TL 13-346 t89 83 12000 51 18.7 40 21 
TL13-32A 68 54 16100 1 12 12.6 4 31 
TL13-32F 83 157 11800 5 9.6 <2.0 998 
TL 13-32j 176 277 4620 85 36.0 <2.0 59 
TL13-32N 155 221 12800 208 17.5 2 1110 
TL 13-35C 12 60 16700 381 3.6 8 217 
TL13-63A 96 76 14100 60 19.7 <2.0 49 
TL13-98A 71 43 6360 14 2.0 112 61 
TL13-96A 162 62 9390 81 1.8 9 753 
TL13-109A 60 30 4490 22 1.5 <2.0 498 
TLI3-162B 81 38 1250 181 <0.42 <2.0 842 
TL13-161F 117 48 1450 406 5.5 <2.0 5920 
TL13-161L 125 25 2120 5 1.1 3 855 
TL15-01A 88 94 3660 23 2.0 14 < 10.5 
TL13-64A 111 72 1600 45 1.4 12 64 
Marcasite (20 mg) 
TL13-161A 10 <0.78 <23.5 1 <0.42 <2.0 <10.5 
97bma 203 114 32.1 43 1.6 8 < 10.5 
Pyrite (20 mg) 
161 apy 12 <0.78 <23.5 <0.65 0.0 3 231 
63apy 11 <0.78 233 0.0 7 201 
limits of Detection (20 mg) 
LOO· 1 .1 0.78 23.5 0.65 042 2.0 10.5 
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Chalcopyrite 
The concentration of precious metals in chalcopyrite is usually higher than in 
magnetite ITable 8.5): Ru ranges from 6.0 ppb to 87 ppb. Rh from 4.0 ppb to 
178 ppb. Pd from 12 ppb to 1280 ppb. Re from less than 0.65 ppb to 525 
ppb. Ir from less tha~ 0.42 ppb to 9.0 ppb. Pt from 31.1 ppb to 265 ppb. and 
Au from 10.2 ppb to 3060 ppb. Like magnetite. some of the chalcopyrite 
samples have anomalously high concentrations of one or two of the precious 
metals suggesting that they contained a minor precious metal-enriched phase. 
Pyrrhotite 
Pvrrhotite is more enriched in Ru. Rh. Re. and Ir than magnetite and 
chalcopyrite ITable 8.5). The contents of precious metals in pyrrhotite are: Ru 
ranges from 15.4 ppb to 292 ppb; Rh from 33.2 ppb to 329 ppb; Pd from 
63.8 ppb to 692 ppb (with exception of one sample with 10,300 ppbl; Re from 
9.9 ppb to 229 ppb; Ir from 0.43 ppb to 48.6 ppb; Pt from 1.66 ppb to 129 
ppb; and Au from less than 10.5 ppb to 20 ppb. Compared to the other major 
ore minerals, the concentrations in pyrrhotite are generally more consistent. 
Pentlandite 
Pentlandite contains more precious metals than the other major ore minerals, 
and is particularly enriched in Pd and Au ITable 8.5). The contents of precious 
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metals in pyrrhotite are: Au ranges from 12.0 ppb to 189 ppb; Ah from 24.8 
ppb to 277 ppb; Pd from 1.250 ppb to 16.700 ppb; Re from 4 .98 ppb to 406 
ppb; Ir from less than 0.42 ppb to 36 .0 ppb; Pt from 2.0 ppb to 112 ppb; and 
Au from 8.92 to 5.900 ppb. 
Pyrite 
The two pyrite samples show very low contents of PGE. but contain about 200 
ppb Au. 
Marcasite 
The two marcasite samples are very low in Pd. Re. Ir. Pt. and Au. but one 
sample (TI13-97BI contains 203 ppb Ru and 114 ppb Rh . 
8.5 DISCUSSION 
8.5.1 MASS BALANCES 
In order to calculate what proportions of precious metals are present in the 
major are minerals. a/l drill cores were vert;cally cut into three parts : one for 
bulk analyses, one part for mineral separates, and one for petrographic thin 
sections, so that sample similarity was maintained . The bulk concentrations of 
the precious metals are shown in Table 8.3, and the modal abundances of the 
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major ore minerals are presented in Table 8.6. Since pyrrhotite, pentlandite, 
chalcopyrite, and magnetite account for over 95% of the ore minerals, the 
concentrations of the precious metals and the modal abundance of these 
minerals are used to calculate the modal concentrations of the bulk ores. Since 
the purpose of this calculation is to estimate the proportion of the precious 
metals which are homogenouslv distributed in the major ore minerals versus 
those in trace discrete precious metal phases, data with anomalously high 
concentrations suggestive of precious metal-enriched inclusions are not 
included in the model calculation. The calculated results are presented in Table 
8.6 and Figure 8.7. Based on this model concentration, the proportion of the 
precious metals which i5 homogenously distributed in the four ore minerals is: 
89% (Ru). 33% (Rhl, 10% (Pd). 21 % (lr). 3% (Pt), and 39% (Au) (Figure 8.71. 
The low proportions of Rh, Pd, Pt, and Au found in the major ore 
minerals are not surprising. Electron microprobe analyses (Tables 8 .7-8.101 
show large amounts of Rh, Pd, Pt and Au occur in discrete precious metal-rich 
phases in the sulphide ores (see later in this chapter). Chapters 4 and 7 in this 
thesis and Li et a/. (1993) have shown similar results from the Deep Copper 
Zone of the Strathcona Mine. The question of why the calculated model 
concentrations of Ir are less than those of bulk analysis is unknown and needs 
to be investigated further. 
Table &6 Model "aleula""" b_d on !he preeio ... malal conc;enlr aliOfa in lhe m,_ aJ sep ... _1It5 and modal abundanc. ollhe mi ...... aia, and p.".nlaga dII':o. anc:. 01 lhe m ..... 
~~.d 10 \he bull< fire aau¥ analwis 
Mineral ModoI Abundwnca !'Io) P,eeKlus Metal Contents Based on Model Caleulalions (Ppb) 
Sam~ MT Cpy 1'0 PH Ru Rh Pd ~ PI AI.. 
TLI3 - 34b 5 20 68 5 115 44 1113 18 15 30 
TLI3-32A 5 :; &5 5 68 91 1125 17 43 48 
TLI3-32F 10 20 65 5 10!' 197 1282 21 32 77 
TL~3-32J 5 5 15 5 194 297 12611 43 110 6 
TLl3-32N 10 15 70 5 157 229 837 28 '2 93 
fll3-32R 5 30 60 5 119 13 483 6 15 5 
TlI3-61A 0 5 10 0 (! 0 0 2 
Tl13 - 35C '0 '5 70 5 13 12 1I~ 5 33 14 
TU3-63A 10 10 15 2 69 57 SOl 2 20 55 
TlI3-98A 10 10 70 10 ll2 69 1071 2 59 21 
TlI3-96A 
'0 20 40 5 81 111 634 5 77 6S9 
Tl13-97A 0 15 35 0 13 1 '20 0 6 '5 
TlI3- 109A 10 20 65 5 62 19 7014 6 26 72 
TL'3-1628 5 10 80 5 121 64 118 0 20 49 
T1I3-16tF 5 5 15 2 110 85 :;39 21 12 138 
TLll-llll :; :; 90 5 7 2 114 0 4 94 
T1I5-01A 5 5 75 10 159 55 426 10 I 12 
TlI3-54A 0 15 70 5 7 5 82 0 7 6 
T1I3-a7A 0 15 35 0 9 10 10 0 48 56 
TlI3-988 0 ,0 15 0 3 la 17 0 12 3 
• (_ .. ed conc .. *.Iion-model "~ation)lmeas .... d "~.Iion I( 100'II. 
P."en\age Dift.u,o<:e Compaed \0 IklI< n. Assay An.~· !'Io' 
Ru Rh Pd 
13% 84% 81,., 
-18'11. 51% 81'11. 
-22'11. 36'11. 14'11. 
-8110 16'11. -612'11. 
- I'll. 29% 81'16 
-303'11. 18% 91'16 
93'11. 100% 100% 
-48'l1o 10'11. 84'11. 
29'11. lIO'II. 83'11. 
-13'11. 71% 89'11. 
-41% 54% 90% 
20'11. 95% 92'16 
-64'11. 43'11. 
-130% 
- IJ'lIo 78% 97'11. 
31'11. 74'11. 79'l1o 
95% 99'11. 98% 
-1,.% 6_ 90% 
95% 98% 97% 
84'11. 96% 99'11. 















































8.5.2 THE IMPORTANCE OF PRECIOUS METAL MINERALS (PGM) 
Since, in the Thayer Lindsley ores, large proportions of the Rh, Pd, Pt and Au 
in the ore are not in solid solution in the major (" . minerals, they probably 
predominantly occur as precious metal-enriched discrete phases . Some 
electron microprobe analyses of these precious metal minerals are presented in 
Tables 8.7-8.10. 
The consistently high Pd contents in pentlandite (1.2-16.7 ppml suggest 
that Pd is or was in solid solution in pentlandite (Table 8 .51 . Cabri etal. (1984) 
has reported 0.2-1.4% Pd in pentlandite from Stillwater ores using the electron 
microprobe and PIXE. Chai et al. (1993) detected a maximum of 2.8 ppm Pd 
in pentlandite from the Jinchuan deposit using accelerator mass spectrometry 
(AMS). The small proportion of Pd present in solid solution in the pentlandite. 
accounts for less than 10% of the total Pd content of the ores (Table 8.6 and 
Figure 8.7). Therefore, additional Pd-enriched phases are present in the ores 
probably as discrete precious metal phases. Figures 8.8-8 .9 and Table 8 .7-8.8 
show that michenerite {Pd(Te,Bi)2] and an unnamed mineral (PdSbn 4) are 
minerals which contain high concentrations of Pd . The michenerite at the 
Thayer Lindsley Mine which contains 20%-25% Pd, 31 %-56% Te, and 19%-
50% Bi (Table 8.7), is different from that reported by Cabri and Laflamme 
(1976), and Li and f\Jaldrett (1993). The unnamed mineral (PdSbo 4) at the 
Thayer Lindsley Mine contains 66%-70% Pd and 30%-33% Sb (Table 8.8), and 
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:r~~~ 8.?_ .. Electron microprobe analyses of the michenerite from the 4B Ore Zone __ 
Element weight percent 
Sample Dimer:sions (Jim) Pd Fe Ni Bi Te Total· 
TL 13-98A 4 x 6 24.0 2.38 2.02 19.8 51.8 100 
TL13-98A 20 x 30 24.1 1.11 0.93 17.2 56.6 100 
TL13-63A 5 x 7 22.9 3.95 0.16 29.7 43.3 100 
TL 13-63A 2x2 20.7 2.45 2.05 48.3 26.5 100 
TL 13-63A 5x6 21.8 4 .47 0.60 45.Y 27.3 100 
TL 13-63A 3 x 5 23.0 2 .54 3.04 27.8 43.7 100 
TL 13-63A 15 x 32 22.6 D.48 0.78 33.7 42.4 100 
TL 13-63A 12 x 18 20.4 1.18 1.41 48.6 28.4 lOa 
TL 13-63A 2.5 x 3.6 24.7 3.89 1.04 16.4 53.9 lOa 
TL 13-63A 40 x 40 20.8 0.53 0.00 47.6 31.1 lOa 
TL 13-63A 30 x 36 22.8 0.45 0.41 36.6 39.7 100 
Atomic proportions 
Sample Pd Fe Ni Total Bi Te Total 
TL 13-98A 0.75 0.14 0.11 1.00 0 .31 1.34 1.65 
TU3-98A 0.86 0.08 0.06 1.00 0.31 1.69 2.00 
TL 13-63A 0.75 0 .25 0.01 1.00 0.49 1.18 1.67 
TL 13-63A 0.71 0.16 0.13 1.00 0 .84 0.76 1.60 
TL 13-63A 0.69 0.27 0 .03 1.00 0.74 0.73 1.47 
TU3-63A 0.69 0.15 0.17 1.00 0 .43 1.09 1.!:i2 
TL 13-63A 0.91 0 .04 0.06 1.00 0.69 1.42 2.11 
TL13-63A 0.81 0 .09 0.10 1.00 0 .98 0.94 1.92 
TL 13-63A 0.73 0.22 0.06 1.00 0.25 1.32 1.57 
TL 13-63A 0.95 0.05 0.00 1.00 1.11 1.19 2.30 
TL 13-63A 0.93 0.04 0.03 1.00 0.76 1.35 2.12 
• Recaculated to 100% 
Table 8.8 Electron microprobe analyses of the unnamed Pd-Sb mineral from the 4B Ore Zone 
Element weight percent Atomic proportions 
___ . _________ ~--:'----'---'-'-~--'--I:~~-'-----------'-"----=--"-~---
Sample Dimensions (Jim) Pd Sb Total- Pd Sb 
TL13-32R 2.5x3 67 .2 32.8 100 0.43 
TL13-32R lxl 66.7 33.7 100 0.44 
TL13-32N 3.5x7.5 70.1 29.9 100 0.37 
• Recaculated to 100% 
- , . ... . 
, , 
• • ........... 11 
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has not been reported before. Mo~t of these precious metal minerals (3 -40 pm) 
occur at the grain boundaries between the major ore minerals or in 
microfractures in the ores (Figures 8.9b, 8.9d , 8.9f, and a.l0a-b) . A few tiny 
inclusions were in the major are minerals (Figure 8.9a). 
Although chalcopyrite contains a small amount of Pt (30-300 ppb). over 
99% aT the Pt is not in solid solution in the four principle are minerals 
(pyrrhotite, pentlandite, chalcopyrite, and magnetite) . It must occur 
predominantly in discrete Pt-rich minerals. Electron microprobe analysis has 
identified an euhedral unnamed Pt-Rh-As mineral which contains 10%-47% Pc 
10%-300/, Hh, and 36%-48% As (Table 8 .9 and Figures a.l0). Most of these 
minerals (4-1 2pm) occur at the grain boundaries between the major are 
minerals or in microfractures (Figures 8 .8b-f and 8.1 Oa-b) . A few occurred as 
tiny inclusions in the are minerals (Figure 8.8a). The presence of other Pt 
minerals needs to be further investigated. 
A small proportion of Au occurs in pentlandite and chalcopyrite , but over 
60% of the Au occurs as discrete Au alloys or as minor inclusions in the ore 
minerals. Electron microprobe analysis has identified one such ailoy (Au-Ag) 
which contains 86%-94% Au and 6%-14% Ag (Figure a.l1) (Table 8 .10). 
Most of these alloys were found as tiny discrete phases (3-16pm) located eIther 
at grain boundaries and in microfractures of the major ore minerals, or 
Table 8.9 Electron microprobe analyses of the unnamed Pt-Rh-As mineral from the 46 Ore Zone 
Element weight percent AtOOlic J)'opations 
Sample Dimensions CiJm) Pt Rh As Total * Pt Rh total 
Tl13-32R1 1.5 x 4 33.5 23.1 43.3 100 0.43 0.57 1.00 
TL13-32A1 4x4 25.5 30.8 43.8 100 0.30 0.70 1.00 
TL13-32N? 3x4.8 25.5 38.6 35.9 100 0.26 0.74 1.00 
TL13-32N2 3.5x8 46.S 15.2 38,2 100 0.62 0.38 1.00 
TL13-32N2 3 X 12 23.8 39.9 36.3 100 0.24 0.76 1.00 
Tl13-98A1 5x6 9.5 42.2 48.3 100 0.11 0.89 1.00 
Tl13-98A4 6x9 9.8 42.5 47.6 100 0.11 0.89 1.00 
Tl13-63A2 6x 12 9.7 47.1 43.2 100 0.10 0.90 1.00 
* Reculated to 100% 
Table 8.10 Electron microp-obe analvse~ of the gold allov from the 46 Ore Zone 
Element weight percent Atomic J)'opations 
Sampkt_ OimensionsCIJml Iw Ag TOtal* Au Ag Total 
TU3-63A 2x3 86.3 13.7 100 0.78 0.22 1.00 
TL13-98A 2x2 90.0 10.0 100 0.83 0.17 1.00 
TL13-98A 8x24 93,6 6.4 100 0.89 0.11 1 .00 
TL13-98A 91.0 10.5 100 0.83 0.17 1.00 














as inclusions in these ore minerals. 
Although mass balance calculations indicate that considerable amounts 
of Ir may also form discrete precious metal phases, the limited numbers of 
electron microprobe analyses have not yet found any discrete minerals of these 
metals. More work is required to search for the Ir minerals. 
8.5.3 SPATIAL DISTRIBUTION AND VARIATION OF PRECIOUS METALS IN 
THE ORES AND MAJOR ORE MINERALS FROM THE 48 ORE ZONE 
In order to study the spatial distributions of the precious metals within the 48 
Ore Zone, two horizontal transverse sections through the 48 Ore Zone were 
systematically sampled: (1) a horizontal transection along a drill core (TL 13-32) 
through the 48 Ore Zone toward the norite of SIC (Figure 8 .5); and (2) a 
horizontal transection along strike through along the 48 Ore Zone (Figure 8.6). 
The analytical results are shown in Table 8 .3-5. 
The distributions of precious metals in the bulk are and in the individual 
minerals are shown in Figures 8.12-13. In a transection along the drill core 
(TL 13-32) through the 48 Ore Zone, Pt contents in the major minerals 
(pyrrhotite and pentlandite) decrease toward the SIC, whereas the Pt content 
in the bulk ores show the reverse trend, suggesting more discrete Pt phases in 
the ores toward the SIC. However, except for Pt, there are no overall apparent 
systematic spatia l variations of precious metals in the same minerals from 
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different parts of the 4B Ore Zone (Figures 8 . 1 2b-e and Figures 8 .13b-e) 
although minor bulk variation in NiS sulphide fire analyses show that the ores 
from the margin are enriched in Pd. Pt and Au (Figure 8.1 2a and Figure 8 .13a) . 
There are some analyses with extremely high concentrations of Pd, Rh, Pt. and 
Au. probably due to minor inclusions of precious metal containing discrete 
phases. These results are in agreement with electron microprobe analysis 
(Tables 8.7-8.10) that show that Pd , Rh, Pt , and Au are dominantly in separate 
discrete phases either as minor inclusions in these minerals or as precious metal 
alloys containing S. AS,Si, Fe, Ni. Pt. and Pd located at the boundaries of these 
minerals. 
8.6 SUMMARY AND CONCLUSIONS 
Data presented in this chapter show the following: 
(1) The distributions of the precious metals show that considerable 
amounts of the Ru. Rh, Pd. and Ir are homogenously distributed (solid solution?) 
in the sulphides and magnetite, whereas the remaining precious metals are 
dominantly in separate discrete phases either as minor inclusions in the ore 
minerals or as precious metal allo'1's at the boundaries of the ore minerals . 
(2) Model mass balance calculations indicate that the proportions of 
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the pret;ious metals which are homogenously distributed in these four ore 
minerals, are 89% (Ru), 33% (Rh), 10% (Pd)' 21 % (lr), 3% (Ptl. and 39% 
(Au). 
(3) Michenerite and the unnamed (PdSbo .) mineral are the most Pd-
enriched minerals, and the unnamed (Pt,Rh)As are the most Pt- and Rh-enriched 
minerals found in the 48 Ore Zone at the Thayer Lindsley Mine. The presence 
of other Pt minerals needs to be further investig~ted .to account for the Pt 
abundance in the bulk ores. 
(4) There are no overall apparent systematic spatial variations of 
precious metals in the same minerals from different parts of the 48 Ore Zone. 
although bulk NiS sulphide fire analyses show that the ore from the orebody 
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Figure 8.1 Geological vertical cross section through the Thayer Lindsley Mine 
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Figure 8.2 Horizontal geological cross section on the 1310 level (see also Figure 8.1) showing the geology and ore zones 
































Figure 8.3 Photographs of the drill cores and hand specimens illustrating 
the ore textures at Thayer Lindsley Mine. (a) and (b): Typical Thayer 
Lindsley ores, massive pyrrhotite with disseminated chalcopyrite. (c): 
Sharp contact between massive pyrrhotite and massive chalcopyrite. (d): 
Melange ore. (e) and (f): Streaky chalcopyrite veins in massive pyrrhotite 
ores. (g) and (h): Silicate xenoliths in massive sulphide ores. Mineral 
zoning is displayed around the xenolith. Away from the xenoliths mineral 
assemblages change from massive chalcopyrite, through chalcopyrite and 
pentlandite, to massive pyrrhotite. (i): Typical Sublayer rocks. 0): Typical 
Sublayer ores. (k): Chalcopyrite and quartz vein at the orebody margin of 






















































































Figure 8.4 Photomicrographs illustrating textural relations of ore minerals at the 
Thayer Lindsley Mine. (a) and (b) Sharp contact between massive pyrrhotite and 
massive chalcopyrite (TL2-B and TL2-D), pentlandite fills in the contact. (c) Sharp 
contact between massive chalcopyrite, and massive pyrrhotite and magnetite (TL-2D). 
(d) and (e). Exsolved pentlandite forms rims around grains of pyrrhotite (TL2-C and 
TL 13-32J)). (f) Fine, flame like lamellae of exsolved pentlandite in pyrrhotite with 
euhedral magnetite (TL 13-34B). (g) Small flames of exsolved pentlandite develop on 
either side of fracture(TL2-C). (h) Anhedral chalcopyrite and pentlandite fill in the 
boundary of pyrrhotite and magnetite grains (TL2-E). (i) Euhedral magnetite replaced 
by pyrrhotite and pentlandite in the centre(TL2-C). U) Mineral zoning displayed around 
the silicate xenoliths (TL 13-161 G). Away from the xenolith, mineral assemblages 
change from chalcopyrite, through pentlandite, to pyrrhotite and magnetite. (k) 
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Figure 8.7 Mean percentage of the precious metals contained in the four 
" 
principle ore minerals (pyrrhotite, magnetite, chalcopyrite, and pentlandite) at the 
Thayer Lindsley Mine. Data with anomalous concentrations are not included in 
the calculation (see text for explanations). 
Figure 8.8 Scanning electron photomicrographs of the unnamed precious metal mineral (Pt-Rh-As) 
(Table 8.7) with its host minerals. (a) Euhedra of the unnamed mineral included in chalcopyrite near 
the microfracture (TL13-32R). (b) Euhedra of the unnamed mineral occuring in microfractures in 
pyrrhotite (TL 13-32N). (c) Euhedra of the unnamed mineral included in pyrrhotite near a microfracture 
(TL 13-98A). (d) The unnamed mineral associated with gersdorrffite-cobaltite occurs in a microfracture 
of pyntlotite (TL13-98A). (e) The deformed unnamed mineral associated with gersdorffitEH;Obaltite 
occurs in a microfracture in pyrrhot~e (Tl13-98A). (f) Euhedra of the unnamed mineral occurs at the 










Figure 8.9 Scanning electron photomicrographs of michenerite [Pd(Bi,Te)2] (Table 8.7) with its host 
minerals. (a) Anhedral michenerite included in chalcopyrite (TL 13-98A). (b) Anhedral michenerite 
occurs at the boundary between pyrrhotite and magnetite (TL13-63A). (c) Anhedral michenerite 
included in pentlandite (TL 1~3A). (d) Anhedrai michenerite occurs at the boundary between a 
silicate xenolith and sulphide minerals (TL 13-63A). (e) Anhedral michenerite occurs at the boundary 
between chalcopyrite and magnetite (TL 13-63A). (f) Anhedral michenerite occurs at a microfracture in 














Figure 8.10 Scanning electron photomicrographs of the unnamed mineral (PdSbOA) with its host minerals. (a) 
The unnamed mineral occurs in a microfracture in pyrrhotite (TL 13-32R). (b) The euhedral mineral occurs in a 








Figure 8.11 Scanning electron photomicrographs of gold with its host minerals. (a) Anhedral gold occurs at the 
boundary between a silicate xenolith and the pyrrhotite (TL 13-98A). (b) An oval inclusion of gold occuring in 







Figure 8.12 Variations of the precious metal concentrations in (a) bulk sulphide 
ores (recalculated to 100% sulphides), (b) magnetite, (c) pyrrhotite, (d) pentlandite, 
and (e) chalcopyrite from one side of an orebody to the other side in the 48 Ore 
Zone toward the Sudbury Igneous Complex (SIC) along a drill core (TL 13-32) ( see 
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(b) Magnetite 270 
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Figure 8.13 Variations of the precious metal concentrations in (a) bulk sulpnide ores 
(recalculated to 100% sul;:>hides), (b) magnetite, (c) pyrrhotite, (d) pentlandite, and 
(e) chalcopyrite in a transection along the orientation of 48 Ore Zone from east to 
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CHAPTER 9 
PARTITIONING OF THE PRECIOUS METALS BETWEEN COEXISTING ORE 
MINERALS AND MOBILITY OF THESE ELEMENTS DURING SULPHIDE 
SEGREGATION AND CRYSTALLIZATION AT SUDBURY 
9.1 INTRODUCTION 
The precious metals (Ru, Rh, Pd, Ir, Pt, and Au) were formerly considered to be 
geochemically coherent with strong siderophile affinity. Barnes et al. (1985) 
and Naldrett et al. (1982) indicated that if these elements are chondrite 
normalized and plotted in order of descending melting points, their patt~rn 
shows the fractionation of these element during crystallization . Interest in 
these elements has produced numerous investigations of their partitioning 
behaviour (Stone et al.1990, Fleet et al .. 1991, and Frimpong et al., 1993). 
Bethke and Barton i1971) raised the hope that if clean mineral separates of 
contemporaneous phases could be accurately analyzed , the distribution of the 
minor elements among the phases could allow estimation of the temperature 
of ore formation . Howe'Jer, current research on partitioning of these elements 
is strictly limited to experiments between sulphide liquid and basaltic silicate 
melt. Very few data are available on precious metal partitioning between the 
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coexisting are minerals in copper-nickel sulphide ores, other than the studies of 
Keays and Crocket (1970) and Chyi and Crocket (1976), due to the 
considerable analytical aifficulty of working with small samples. 
In this chapter partition coefficients (Kd), at ppb to ppm levels, of 
precious metals between major are minerals are evaluated based on the 
analytical data presented in Chapter 8. The results in this study provide further 
support for precious metal fractionation based on equilibrium partitioning during 
crystallization (Hawley, 1965; Keays and Crocket, 1970; Chyi and Crocket, 
1976; Naldrett et al., 1982; Barnes et al., 1985 and li et al., 1992). 
Crystallization and subsequent exsolution are mainly responsible for the 
distribution and fractionation of precious metals in sulphides and magnetite. 
A fractionation model is proposed for the explanation of precious metal ore 
genesis. 
9.2 PARTITIONING OF PRECIOUS METALS BETWEEN THE MAJOR ORE 
M'NERAlS 
The partition coefficient Kdi"l, is defined here as the ratio of the concentration 
(ppb) of metal i in phase a to that in phase fJ at equilibrium. Data used for K<j 
calculations have been presented in the previous chapters. In spite of the very 
high purity of the mineral separates, some PGE and Au alloy inclusions at the 
, • .. • / { f' • ' .. -~ ... 
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micrometer scale (Figures 8.8-8.11) within some minerals could not be 
eliminated. These minor PGE and Au alloy inclusions have been observed by 
laser ablation microprobe (LAM) ICP-MS (Chapter 4) and electron microprobe 
(Chapters 7 and 8). and are indicated by extremely high concentrations of 
precious metals in some mineral separates, and also by the high standard 
deviations of the replicate analyses. These anomalously high data are not 
included in the Kd calculations. 
The calculated Kd's for the precious metals between the minerals for 
different individual samples are listed in Table 9 . I. The Kd Values between the 
sulphides a ... ~d mdgnetite for some precious metals (i.e., Ru) vary significantly 
due to the concentrations of these metals in the magnetite close to the limits 
of detection. It is also possible that the minerals may still contain minor 
inclusions of some precious metal phases (i. e., Au) which contribute to the K" 
variations. 
Mean Kd values between the minerals are presented in Table 9.2. 
Partition coefficients (Kd) between chalcopyrite and magnetite for Ru, Rh, Ir, Pd, 
Re, Pt, and Au are 4.5, 4.5, 1.6, 24, 1.2, 0.9 and 1.1 respectively; between 
pyrrhotite and magnetite 73, 17, 23, 13, 3.7, 0.47, ~nd 1.05 respectively; 
between pentlandite and magnetite 50, 11, 20, 521, 1.7, 0.16, and 12 
respectively; between pyrrhotite and chalcopyrite 12, 15, 3.1, 1.3, 2.4, 0.6, 
and 0.20 respectively; between pentlandite and chalcopyrite 8.7,9.8, 5.7, 24, 
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Table 9.1 Calculated Kd Values between mineral pairs for individual sample from 
the Tha~er Undsle~ Mine* 
Pentiandite/Magnetite 
SamRle Au Ah Pd Ae Ir Pt Au 
Tl13-348 109.9 19.7 306 1.60 47.1 1.06 9.5 
TL13-32A 31.6 9.4 113 1.50 40.9 0.09 
TL13-32F 3.5 31.6 220 0.25 0.1')2 
TL13-32.! 37.2 5.6 1.34 15.3 4.6 
TL13-32N 22.7 24.2 300 30.7 0.06 
TL13-35C 4.6 12.9 1849 11.6 0.24 
TL13-63A 5.0 18.2 1219 73.4 0.01 30.0 
TL13-98A 104.3 5.3 335 2.7 1.9 
TL13-96A 39.4 3.0 630 1.34 0.6 0.10 
Tl13-109A 68.3 3.0 1.04 1.1 0.02 
T113-1628 34.5 5.1 49 4.64 0.4 0.03 
TL13-161F 117.3 5.2 2.75 19.9 0.03 
TL13-161L 82.6 3.3 0.06 
TL15-01A 33.1 4.8 183 1.00 0.7 0.15 
Mean 50 10.8 521 1.7 20 0.16 11.5 
STO** 38 8.8 546 1.2 22 0.28 11.0 
Pyrrhotite/Magnetite 
Sample Ru Rh Pd Re Ir Pt Au 
TL13-34B 139.5 7.9 9.0 0.9 58.3 0.10 0.38 
TL13-32A 35.1 18.4 2.3 0.5 62.7 1.03 
TL13-32F 6.2 57.9 12.9 1.5 0.96 3.78 
TL13-32J 45.8 6.7 2.9 20.7 0.12 
T113-32N 30.9 33.9 6.3 0.3 66.3 0.11 016 
T113-32R 100.1 23.5 7.6 1.6 19.6 0.38 
TL13-35C 5.9 21.1 39.3 11.4 23.1 0.99 2.12 
TL13-63A 4.5 17.6 22.4 5.3 0.29 
TL13-98A 259.5 9.9 23.0 3.3 0.54 0.64 
TL13-96A 34.4 8.4 16.2 1.7 2.1 0.B7 
TL13-109A 100.8 10.2 10.1 5.6 0.56 1.07 
TL13-1628 62.0 10.2 2.5 5.9 2.2 0.39 0.98 
TL13-161F 127.0 10.6 0.23 
TL15-01A 75.2 3.1 4.0 4.3 0.02 
Mean 73 17 13 3.7 23 0.47 1.05 
STO** 67 14 11 3.9 24 0.36 1.07 
* Data from Table 8.5. Data with anomalous concentrations resulting from Inclusions 
of precious metal rich phases were excluded 
** Standard deviatior. 
\ ' . ,~- , ".'. . 
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Table 9.1 Calculated Kd Vah:9S between mineral pairs for Indivldur.1 samples from 
the Tha~er Lindsle~ Mine (c.ontinued) 
Pentiandite/Chalcopyrite 
SamQle Au Rh Pd Ae Ir Pt Au 
TL13-348 14.7 1.0 8.7 0.10 3.53 0.15 
TL13-32A 5.5 0.8 24.7 1.48 3.11 0.10 2.28 
TL13-32F 6.5 18.4 10.1 0.94 0.02 
TL13-32J 7.9 15.8 5.4 0.24 18.25 0.01 4.34 
TL13-32N 13.6 36.6 34.7 0.07 
TL13-35C 2.0 15.0 33.4 4.22 0.22 
TL13-63A 9.3 14.0 57.4 3.13 0.02 0.12 
TL13-98A 4.4 0.6 5.0 0.21 1.88 2.22 
T113-96A 2.1 28.2 0.82 0.20 0.12 
TL13-109A 7.0 0.6 13.8 0.39 1.18 0.03 2.56 
T113-162B 9.4 2.6 46.5 5.35 0.27 0.04 
T113-161 F 12.9 7.3 29.7 1.60 5.19 0.02 
TL13-161 L 17.2 4.3 14.1 3.88 17.73 0.08 1.54 
Mean 8.7 9.8 24.0 1.~ 5.7 0.07 1.9 
STO*- 4.6 10.4 15.7 i.7 6.7 0 .06 1.4 
Pyrrhotite/Chalcopyrite 
Sample Au Rh Pd Ae Ir Pt Au 
TL13-348 18.6 0.4 0.25 0.06 4.37 0.08 0.01 
TL13-32A 6.1 1.5 0.51 0.50 4.76 1.15 0.27 
TL13-321= 11.6 33.8 0.59 5.67 1.11 0.21 
T113-32J 9.8 18.8 0.15 0.51 1.01 0.12 
TL13-32N 18.5 51.2 0.72 7.03 0.13 0.Q1 
TL13-32R 24.3 27.5 1.32 1.12 0.05 0.36 
TL13-35C 2.6 24.6 0.71 0.49 0.89 0.19 
TL13-63A 8.3 13.5 1.05 3.49 2.06 0.49 0.04 
Tl13-98A 11.0 1.2 0.34 0.34 2.31 0.09 0.75 
TL13-96A 1.8 1.0 0.73 1.06 0.67 1.69 
Tl13-109A 10.3 2.0 3.84 6.24 0.60 O.Oti 
TL13-162B 16.9 5.2 2.37 6.76 1.37 0.50 0.36 
TL13-161F 14.0 14.8 6.43 0.05 0.17 0.03 
Mean 11.8 15.0 1.3 2.4 3.1 0.6 0.20 
STD** 6.3 15.1 1.7' 2.5 1.9 0.5 0.21 
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Table 9.1 Calculated Kd Values between mineral pairs for individual samples from 
the Tha~er Lindsle~ Mine (continued) 
Pentlandite/Pyrrhotite 
SamQle Au Ah Pd Re Ir Pt Au 
TL13-34B 0.79 2.50 34.2 1.69 0.81 24.7 
TL13-32A 0.90 0.51 48.4 0.65 0.09 8.5 
TL13-32F 0.56 0.55 17.1 0.1 7 0.31 0.02 60.2 
TL13-32J 0.81 0.84 36.4 0.46 0.74 0.01 37.1 
TL13-32N 0.73 0.71 47.9 0.46 0.52 
Tl13-35C 0.78 0.61 47.0 0.50 0.24 
TL13-63A 1.12 1.04 54.5 0.90 0.04 3.0 
TL13-98A 0.40 0.53 14.6 0.62 0.81 3.0 
TL13-96A 1.15 0.35 38.8 0.78 0.30 0.07 38.3 
TL13-109A 0.68 0.29 0.10 0.19 46.8 
TL13-162B 0.56 0.50 19.6 0.79 0.20 0.07 
TL13-161 F 0.92 0.49 4.6 0.23 0.12 
T113-01A 0 .44 1.58 46.2 0.16 1.3 
Mean 0 .76 0.81 34 0.69 0.45 0.13 25 
STD·· 0 .22 0.59 16 0.47 0.24 0.15 21 
Chalcopyrite/Magnetite 
Sample Au Ah Pd Re Ir Pt Au 
TL13-34B 7.49 20.45 35.2 1.21 
TL13-32A 5.75 12.02 4.6 1.01 0 .90 0.02 
TL13-32F 0 .54 1.71 21.8 0.26 0.86 
TL13-32J 4.68 0.36 0.84 1.05 
TL13-32N 1.67 0.66 8.7 0.04 0.12 0.87 
TL13-32R 4.11 0.86 5.7 1.39 0.73 1.05 
TL13-35C 2.27 0.86 55.3 0.12 1.10 
TL13-63A 0 .55 1.30 21.2 2.55 0.59 
TL13-98A 8.29 67.4 1.44 0.85 
TL13-96A B.56 22.3 1.64 3.09 0.83 
TL13-109A 9 .81 5.CJO 2.63 0.90 0.93 
TL13-162B 3.66 1.95 1 .1 0.87 1.59 0.77 2.73 
TL13-161F 9.08 0.71 1.72 3.84 1.32 
TL13-161L 4.79 0.76 0.75 
Mean 4.5 4.5 24.3 1.2 1.6 0.9 1.1 
STD·· 3.0 5.7 21 .2 0.8 1.2 0.2 0.9 
. . . \ .. .. 
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1.9.0.07. and 1.9 respectively; and between pentlandite and pyrrhotite 0.76. 
0.81.0 .45. 34. 0.45, 0.13, and 25 respectively. 
There are very few Kd data in the literature for the preciOUS metals 
between sulphides and between sulphides and magnetite. The only Kd values 
available are for Ru, Rh. and Pd between pentlandite and pyrrhotite from 
experimental results (Distler et al .. 1977). 
Table 9.2 mean Kd values between the minerals 
Ru 
Magnetite Chalcopyrite Pyrrhotite 
Chalcopyrite 4.5' ± 3.0" 
Pyrrhotite 73 ± 67 11.8 ± 6.3 
Pentlandite 50 ± 38 8.7 ± 4.6 0.76 ± 0.22 
Concentration en chalcopynte/concentratlon in ma netite, and sam 9 
for the rest .1f table 
•• 1 a 
Magnetite 
Chalcopyrite 4.5 ± 5.7 
Pyrrhotite 17 ± 14 
Pentlandite 11 ± 8.8 
Rh 
Chalcopyrite Pyrrhotite 
15 ± 15 




Magnetite Chalcopyrite Pyrrhotite 
Chalcopyrite 1.6 ± 1.2 
Pyrrhotite 23 ± 24 3.1 ± 1.9 
Pentlandite 20 ± 22 5.7 ± 6.7 0.45 ± 0.24 
Pd 
Magnetite Chalcopyrite Pyrrhotite 
Chalcopyrite 24 ± 21 
Pyrrhotite 13 ±11 1.3 ± 1.7 
Pentlandite 521 ± 546 24 ± 16 34 ± 16 
Re 
Magnetite Chalcopyrite Pyrrhotite 
Chalcopyrite 1.2 ± 0.8 
Pyrrhotite 3.7 ± 3.9 2.4 ± 2.5 
Pentlandite 1.7 ± 1.2 1.9 ± 1.7 0.69 ± 0.47 
Pt 
Magnetite Chalcopyrite Pyrrhotite 
Chalcopyrite 0.9 ± 0.2 
Pyrrhotite 0.47 ± 0.36 0.6 ± 0 .5 




Magnetite Chalcopyrite Pyrrhot ite 
Chalcopyrite 1.1 ± 0.9 
.-
Pyrrhotite 1.1 ± 1.1 0 .20 ± 0.21 
Pentlandite 12 ± 11 1.9 ± 1.4 25 ± 21 
The Kd values of Ru and Rh (0.76 and 0.81) between pent:andite and pyrrhotite 
determined in this study are very close to the experimental results (0.97 and 
1 .0) . However, the Kd value for Pd (34) between pentlandite and pyrrhotite 
determined in this study for Pd is very different from the experimental results 
(0.97) lu'stler et al., 1977). One possible explanation for the difference in Kd's 
is that the concentrations of Ru and Rh in Distler's experimental products range 
from 1.1 % to 1.3% for Ru and from 0 .4% to 0.7% for Rh which are easily 
detected by electron microprobe. In contrast, the concentrations of Pd in 
Distler's experimental products were less than 0 .1 %, which are near the limit 
of detection for elt!ctron microprobe analysis . 
The concentrations of Ru . Rh. Ir. and Pd in sulphides and magnetite are 
positively correlated (Figures 9.1 a-d), which results in more consistent Kd 
values (Table 9 .21 . In contrast, the concentrations of Re. Pt. and Au are poorly 
correlated (Figure 9 .1e-g) which results in variable Kd values (Table 9.2). The 
partitioning behaviour of Ru. Rh. Ir. and Re between these minerals produces 
the largest enrichment in precious metals in the sequence (with decreasing 
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ordar): pyrrhotite> pentlandite > chalcopyrite> magnetite. Partitioning of 
Pd, Pt, and Au among the same minerals follows a different sequence. The 
sequence for Pd is pentlandite > pyrrhotite ~ chalcopyrite > nlagnetite; for 
Pt the sequence is magnetite> chalcopyrite> pyrrhotite > pentlandite; and 
for Au the sequence is pentlandite > chalcopyrite> pyrrhotite> magnetite. 
Pentlandite that ex solved from pyrrhotite solid so~ution scavenged almost all of 
the Pd from pyrrhotite. Previous studies showed that Pd and Au are 
concentrated with pentlandite, and Pt and Ir are associated chalcopyrite (Keays 
and Crocket, 1970; and Chyi and Crocket, 1976). This is not true for Ir in this 
study, which is associated with pyrrhotite. 
9.3 PARTITIONING OF PRECIOUS METALS DURING SULPHIDE 
SEGREGATION 
The partitioning of precious metals between immiscible (Fe. Ni)-monosulphide 
liquid and basalt has been investigated by Peach et al. (1990). Stone et al. 
(1990), Fleet et al. (1991). Barnes (1993). and Bames and Picard (1993). The 
investigation by Peach et al. (1990) showed partitioning coefficients (K,j values) 
are in excess of 104 for Ir. Pt. and Au between the sulphide globule and natural 
silicate glass pCl!rs. The investigation of the precious metal partitioning 
between sulphide liquid and basalt melt at 12000C with f02 = 10 q 2 and 
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fS2 = '0° 8 by 5ton3 et al. (1990) shows that the sulphide liquid-silicate melt 
partitioning coefficients (Kd values) are (9 ± 7)x 1 04 ior Pd. (1 ± O. 7)x 1 0 5 for Ir, 
(9±6)xl03 for Pt. and (1 ±0.9)x103 for Au; indicating that the precious metal~, 
are strongly partitioned into sulphidp. liquids . later, Fleet et al. (1991) studied 
the partitioning of Pd, Ir, and Pt between sulphide liquid and basalt melt at 
13000 C and at low pressure over the !:oncentration range 40 to 20,000 ppm 
PGE. Their study showed Kd values vary markedly with the composition of the 
sulphide liquid and the silicate melt. For 5 pf-il PGE in the silicate melt and the 
iron-silica phase-fayalite buffer, Kd (Pd) and Kd (Pt) are about 2xl03, and Kd (Ir) 
is about 3x 1 0 3 ; whereas, at tile maximum concentration of PGE investigated, 
Kd (Pd) and Kej (Pt) are about 2x 104 , and Kej (lr) is about 3x 104 . Campbell and 
Barnes (1984) and Campbell et al. (1983) had earlier argued that sulphide 
liquid-silicate liquid partition coefficients for all of the PGE are very high (10~ or 
greater) . 
Despite the great variations of Kej values for precious metals measured 
by different investigators, one conclusion that can be made is that Kej values are 
very high 11 0 3-1 0 5 ), at least for basaltic systems, and that the precious metals 
are strongly partitioned into sulphide liquids during magmatic sulphide 
segregation. 
9.4 FRACTIONATION OF PRECIOUS METALS DURING MINERAL 
CRYSTALLIZATION 
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Some possible mechanisms for the origin of precious metal fractionation are: 
redistribution of the precious metals by diffusion in response to thermal 
gradients, hydrothermal alteration. partial melting and crystal fractionation 
(Naldrett et al., 1982 and Barnes et al., 1985). Previous investigations 
concluded that the fractional crystallization of monosulphide solid solution from 
a sulphide melt provided the best explanation for the distribution of precious 
metals for the zoning and origin of Sudbury Cu-Ni and precious metal ore 
deposits (Hawley, 1965; Keays and Crockett 1970; Chyi and Crocket, 1976; 
Naldrett et al., 1982; Barnes et al .• 1985 and Li et al .. 1992). 
9.4.1 MINERAL CHEMISTRY OF PRECIOUS METALS IN THE PRINCIPLE ORE 
MINERALS 
Figure 9.2 demonstrates strong linear correlations between Ru, Rh, Re and Ir 
in bulk ores. Figure 9.3 shows strongly linear relationships in logarithmic scale 
in the concentrations among the precious metals in sulphides and magnetite. 
These strong linear correlations suggest that these elements are or were in solid 
solutions in these minerals; thus they behaved as compatible elements during 
magnetite and sulphide crystallization. Poor linear correlations for Pd, Re. Pt. 
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and Au indicate that these elements are dominantly found in separate discrete 
phases either as minor inclusions in the ore minerals or as precious metal alloy 
located at the boundaries between the major ore minerals (Figures 7.3, and 8.8-
8.1 i). This behaviour is supported by the crystallization experiments on 
sulphide melts (Distler et al., 19771. Distler et al. (19771 investigated the 
distribution of minor amounts of Ru, Rh, and Pd between pyrrhotite and 
pentlandite and residual liquids. Their experiments showed that Pd is 
progressively concentrated in the residual sulphide liquid, and Ru and Rh in the 
solid solution in pyrrhotite . For the Thayer Lindsley Mine, as magnetite and 
sulphides crystallized, the residual liquid which was enriched in Pd, Pt and Au 
was expelled to the margin of orebodes. This may also eXQlain why the ore 
from the margin is enriched in chalcopyrite with high concentrations of Pd, Pt 
and Au (Chapter 8). 
The reason that Ru, Rh, and Ir are in solid solutions of sulphide, whereas 
the rest of precious metal are dominantly in discrete phases is a subject of 
debate. One possible explanations might be related to atomic radii of the 
precious metals. Table 9.3 sho".NS that the atomic radii of Ru, Rh, and Ir are 
closer to those of Fe, Ni, and Cu than those of Pd, Re, fot and Au. This 
suggests that substitutions could take place more readily between Ru, Rh, and 
Ir and the base metals in sulphides and magnetite. 
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TCibie 9.3 Atomic Radii of Fe. Ni. Cu, and Precious Metals (Greenwood and 
Earnshaw. 1984) 
Element Fe NI Cu Ru Rh Pd Ae Ir PI Au 
Radii (pm) 126 124 128 134 134 137 137 135.5 138.5 144 
9.4.2 FRACTIONATION OF PRECIOUS METALS DURING CRYSTALLIZATION 
The chondrite normalized PGE pattern of the bulk ores (Figure 9.4a) shows that 
the precious metals are strongly fractionated. with strong enrichment in PPGE 
(Pt. Pd, and Au) and depletion in IPGE (lr. Os, Ru. and Rh) in the 48 Ore Zone 
at the Thayer Lindsley Mine. Chondrite normalized patterns of sulphides and 
magnetite from the 48 Ore Zone at the Thayer Lindsley Mine are shown in 
Figures 9.4b-e. Since a large amount of exsolution took place after the 
sulphide minerals were crystallized. the only pattern that might represent 
crystallization fractionation is the one from the early crystallized magnetite 
which may not have been subjected to subsequent exsolution. Figures 9.4b 
shows that the chondrite normalized pattern of magnetite is very similar to the 
one from bulk ore analysis (Figure 9.4a). In order to compare the fractionation 
of the precious metals to the bulk ore. the concentrations of the precious 
metals in the sulphides and magnetite were normalized to the mean 
concentration of the whole rocks (Figure 9.5). The whole rock normalized 
--- . • , ,~I \ _ , 
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patterns of magnetite (Figure 9.~c) are almost flat, although they are enriched 
in Au. In contrast, the whole rock normalized patterns of the sulphide minerals 
(except for the chalcopyrite) (Figures 9.5a-b) show strong depletions of Pt, 
indicating that the bulk of these elements are exsolved from the sulphides as 
Jiscrete Pt and Au phases. The whole rock normalized ",atterns of the 
pyrrhotite and pentlandite are characterized by depletion and enrichment of Pd, 
respectively, indicating Pd was strongly partitioned into the pentlandite during 
exsolution. These features agree well with experimental results. The 
solubilities of precious metal in base metal sulphides in the Fe-PGE-S and Cu-Fe-
PGE-S systems have been investigated by Makovicky et al. (1986). Their 
experiments showed that Pt, Pd, Rh, and Ru solubilities in pyrrhotite decrease 
dramatically from 900°C to 500°C; quenching or cooling can thus cause 
exsolution of almost all the PGE from the pyrrhotite phase; and at 500°C, in 
equilibrium with a sulphide liquid containing 6 to 15 wt percent Pt, coexisting 
pyrrhotite dissolved small amounts of Pt (, .2%) whereas intermediate solid 
solution and chalcopyrite do not dissolve microprobe-detectable quantities of 
PGE. The results indicate that Pt will concentrate in the coexisting liquid during 
the crystallization of a sulphide melt. Under slow cooling, additior:al PGE can 
be rejected from the originally PGE-saturated monosulphide solid solution 
structure and diffuse into the coexisting liquid or form discr~te phases at grain 
-
boundaries. 
_ \ ~'.. '. • ' . ' - r 
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9.5 A MODEL OF PRECIOUS METAL FRACTIOf\l.'\TION DURING SULPHIDE 
SEGREGATION AND CRYSTALLIZATION 
A model of precious metal fractionation during sulphide segregation and 
crystallization is shown in Figure 9.6. Sulphide melt segregating from the 
magma scavenges almost all of the precious metals from the silicate melt. The 
fractionation of the precious metals during crystallization follows two distinct 
trends: 
~ 1) The bulk of the Ru, Rh, Os, Re, Ir, and small proportions of Pd. Pt. 
and Au are incorporated into the early crystallized monosulphide solid solution 
at high temperature. These metals substitute for the base metals in 
monosulphide solid solution. Subsequent cooling results in subsolidus 
exsolution of chalcopyrite. followed by pent'andite. Precious metals are 
partitioned between the monosulphide and the exsolution products of 
chalcopyrite and pentlandite. Au. Rh. Os, and Ir are more enriched in 
pyrrhotite; whereas Pd, Pt. and Au are enriched in chalcopyrite and pentlandite. 
On further cooling, Pd. Pt. and Au are rejected from these sulphide mineral 
lattices which results in exsolution of precious metal-enriched phases either as 
Inclusions within or minute grains at the boundaries between the sulphide 
minerals. 
~2) The majority of Pd ~90%). Pt ~98%1. Au ~76%1. and small proportions 
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of Rh and Ir are incompatible in monosulphide solid solution. These metals are 
enriched in the late stage sulphide liquids, and form discrete precious metal-
minerals in the late stage of crystallization. 
9.6 SUMMARY AND CONCLUSIONS 
The major conclusions of this chapter are: 
(1) Partitioning of Ru, Rh, Ir, and Re between these minerals are 
following one seql:.ence (with decreasing order): pyrrhotite> pentlandite > 
chalcopyrite> magnetite. Partitioning of Pd, Pt, and Au are different. 
(2) Ruthenium, Rh, and Ir are dominantly found in solid solutions with 
sulphide, whereas the rest of precious metal are dominantly in discrete phases. 
(3) Precious metals are strongly partitioned into sulphide liquids during 
magmatic sulphide segregation. 
(4) Crysr.allization and subsequent exsolution are mainly responsible 
for the distribution and fractionation of the precious metals in sulphides and 
magnetite for the Cu-Ni-IPGE) deposits at Sudbury. 
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Figure 9.1 Precious metal concentrations in pyrrhotite versus those in 
coexisting pentlandite from the Thayer Lindlsey mine: (a) Ru, (b) Rh, (c) Ir, (d) Pd, 
(e) Pt, (f) Re, and (g) Au 
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Figure 9.2 Correlations of precious metal concentrations in bulk sulphide 
ores from the Thayer Lindsley Mine, between: (a) Rh and Ru, (b) Os and Ru, 
(c) Ir and Ru. (d) as and Rh, (d) Ir and Rh, (f) Ir and Os, (g) Pd and Ru, and (h) 
Pt and Pd 
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Figure 9.3 Correlation of precious metal concentrations in the principle ore 
minerals from the Thayer Lindsley Mine between: (a) Rh and Ru, (b) Ir and Ru, 
(c) Ir and Rh, (d) Pd and Ru, (e) Pt and Ru, (f) Pd and Pt, and (9) Au and Pt 
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Figure 9.4 Chondrite normalized precious metal patterns of (a) whole rocks, (b) 
magnetite, (c) pyrrhotite, (d) pentlandite, (e) chalcopyrite, and (f) marcasite in 
sulphide ores from the Thayer Lindsley Mine 
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Figure 9.5 Whole rock normalized precious metal patterns of (a) pyrrhotite, (b) 
pentlandite, (c) magnetite, (d) chalcopyrite, (e) marc.asite, and (f) pyrite in 
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Figure 9.6 Genetic model for precious metal fractionation during sulphide segregation and mineral crystallization. 




TRACE- AND RARE EARTH-ELEMENT GEOCHEMISTRY OF THE THAYER 
LINDSLEY MINE: IMPLICATIONS FOR ORE GENESIS 
10.1 INTRODUCTION 
Trace- and rare earth-element (REE~ geochemistry is import,'3nt to understanding 
petrogenesis and ore genesis . The trace- and rare earth- element contents of 
rocks from the Sudbury Igneous Complex (SIC) have been reported by Kuo and 
Crocket (1979)' Naldrett (1984), and Naldrett et al. (1985); and in Chapter 6 
of this thesis . However, no data on the trace- and rare earth- element contents 
of the sulphide ores have been reported due to the considerable analytical 
difficulty of working with the ultra-trace concentration levels of sulphide 
samples. 
In this chapter, a preliminary set of geochemical dara from Ni-Cu sulphide 
ores and the country rocks adjacent to the orebodies at the Thayer Lindsley 
Mine are presented, and their implications for ore genesis and future work are 
discussed. 
322 
10.2 SAMPLE PREPARATION AND ANALYTICAL METHODS 
The locations of sulphide ore samples analyzed are given in Table 8 .1, and 
samples from the host country rocks are listed in Table 10.1 
Table 10.1 Location and description of the samples from the nearest country 
rocks at the Thayer Lindsley Mine 
Sample Location Rock Type 
TL 13-34A Drill core TL 1 ~-34, Murray Granite, no sulphide or 
9.47 m alteration 
TL 13-34C Drill core TL 13-34, Murray Granite near the contact 
11.3 m with the orebody, strong quartz 
enrichment (30%) 
TL13-61 A2 Drill core TL 13-61, Murray Granite with 
56.9 m disseminated sulphide (15%) 
TL 13-64A Drill core TL 13-64, Sublayer rock with disseminated 
126.8 m sulphide « 5%) 
TL 13-9862 Drill core TL 13-98, Sublayer rock with dissemirlated 
93.8 m sulphide (5%) 
TL 13-32M Drill core TL 13-32, Silicate xenolith 
40.0 m 
10.2.1 ICP-MS ANALYSIS 
Fitter," REEs, Zr, Nb, Sa, Hf, Ta, and Th were analyzed by ICP-MS using the 
Na20 2 sinter sample dissolution technique (Longerich et al., 1990; and 
Longerich et al., 1993b)' Data acquisition and reduction protocols are given in 
, . 
\ I I' ~ ,. 
323 
Appendix IV. The sample dissolution procedure was modified from Longerich 
et al. (1990) and Longerich et al. (1993b) as follows: 
1) High sulphide samples were ignited in an oven at 11 OOoC to oXidize the 
sulphide sulphur which is then lost as volatile S01' During this 
procedure the Fe was oxidized to Fe· 3 . 
2) 0.2 g c.f the ignited sample and 0.8 9 of Na 20 2 were weighed Into a Ni 
crucible, mixed well, and then sintered in a muffle furnace at 480°C for 
1.5 hourL 
3) The crucible was removed from the furnace, covered, and allowed to 
cool for approximately 20 minutes. Ten ml of distilled water were 
carefully added, a few drops at a time, until the exothermic reaction 
stopped. 
4) The cover was rinsed into the crucible and the mixture was 
quanti,atively transferred to a 50 ml centrifuge tube. Distilled water was 
added until the total volume was 30 ml. The sample was then 
centrifuged for 20 minutes. The liquid was decanted and discarded. 
5) The residue was rinsed with 25 ml distilled water, and then centrifuged 
for 20 minutes again. The liquid was decanted and discarded. 
6) Step 5 was repeated. 
7) The residue was dissolved in 2.5 ml of 8 N HNO J and 1 mlof 2% oxalic 
acid. The crucible was rinsed with 0.2 N HN0 3 and this wash was 
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added to the centrifuge tube. 
8) Four ml of a 0.113 M HF/O.453 M boric acid solution were added, and 
the centrifuge tube and contents placed in the drying oven at 75°C for 
2 hours. 
9) The solution was transferred to a clean centrifuge tube and diluted with 
distilled water to a final volume of 50 g. 
10) The solution was further diluted prior to analysis on the ICP-MS. 
Approximately 2 g of sample solution and 8 g of 0.2 N HN0 3 were 
accurately weight into a 12 ml test tube. 
Solid limits of detection in ppb are 6 (V), 5 (Zr), 10 (Nb)' 1957 (Ba), 2 
(La), Ce 1 (Ce), 1 (Pr), 28 (Nd), 10 (Sm), 2 (Eu), 16 (Gd), 1 (Tb)' 10 (Oy)' 1 
(HoI, 11 (Er), 2 (Tm), 10 (Vb), 2 (Lu), 12 {Hfl, 13 (Ta) and 5 (Th) . These 
samples were run at a time of particularly high sensitivity on the ICP-MS, so the 
limits of detection were lower than usual. 
'0.2.2 XRF ANAL VSIS 
Major elements (>0.01 wt%) together with Cr, Zn, V Ga, As, Rb, Sr, 
Pb, and U were analyzed by X-Ray fluorescence spectrometry (XRF) methods 
for whole rock powder pellets (Longerich, 1993). The precision and accuracy 
are presented in Appendix III. 
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10.3 RESULTS 
Analytical results using XRF pressed powder pellets are presented in Tables 8 .2 
and 10.2, and those using ICP-MS, in Table 10.3 . 
10.3.1 MASSIVE SULPHIDE ORES IN THE 48 ORE ZONE 
Massive sulphide ores in footwall granite in the 48 Ore Zone contain 30·35% 
S, 1-3% Ni, 1-4% Cu; and are low in Rb (1-9 ppm), Sr (0-4 ppm), Y (1 -4 ppm), 
Ba (5-40 ppm), Zr (2-20 ppm), Nb (1 -5 ppm)' Hf (Q.Ol -0.3 ppm), Ta (0.3 -0.5 
ppm) and Th (0.2-0 .9 ppm) (Table 8 .2) . 
All of the massive sulphide ores in the 48 Ore Zone, except the ores 
from the orebody margin, show very similar rare earth element (REE) 
concentrations and chondrite normalized patterns (Figure 10.1) . The total rare 
earth element (L REEl, total light rare earth element (L LREE)' and total heavy 
rare earth element (L HREE) concentrations range from 19.4 ppm, 13.3 ppm, 
and 2.78 ppm; to 4.9 ppm, 2.7 ppm, 0.89 ppm respectively (Table 10.3) . The 
L REE content of an individual sample reflects the modal abundance of sulphide 
versus silicate present; the more abundant the silicate fraction, the higher the 
L REE content. Regardless of the L REE, all of the samples are characterized 
by weak LREE-enrichment of flat "v-shape" REE patterns (Figure 10.1) with 
(La/Luln (chondrite normalized La value/chondrite normalized Lu value) ratios in 
Table 10.2 Chemical comoosltion 01 the count!y rocks at the Tha~er LWldsle~ Mine· 
Sample rock 5102 TI02 Al203 Fe203 MoO MgO 
TL13-34A Murray Granite 69.0% 0.15% 17.0% 2.8% 0.06% 1.07% 
TLl3-34M Silicate Inclusion 81.7% 0.00% 12.7% 1.8% 0.03% 0.87% 
TL13-34C Murray Granite 89.3% 0.30% 4.3% 5.1% 0.10% 1.18% 
T113-64A Sublayer ROCk 49.6% 0.35% 10.3% 13.7% 0.17% 11 .07% 
TII3-988 Sublayer Rodl 75.1% 0.33% 11.9% 4.3% 0.02% 0.72% 
TL13-61A Ore In the Granite 64.0% 0.20% 7.6% 10.9% 0.02% 0.03% 
Si02- blank .LD 0.00% 0.00% 0.01% 0.00% 0.00% 0.02% 
LOO·· 0.0'% 0.00% 0.01% 0.01 % 0.00% 0.01% 
Sample rock V Cr Ni Cu Zn Ga 
TL13-34A Murray Granite 9 3 45 1389 6 24 
TL13-34M Silicate InclusiOn a 27 27 3187 2 11 
TL13-34C Murray Granite 23 111 169 3386 71 9 
Tl13-64A Sublayer Rod< 179 1011 1274 855 67 12 
TI13- 988 Sublayer Rod<: 10 0 402 9746 94 7 
TL13-61A Ore in lhe Granile 1 0 61470669"· 621 15 
$102- blafW( .LD 5 6 3 3 2 2 
LOD·· 3 3 
• ppm lor Irace elemer1s 
•• Limils of detectioll 
••• O~ of callbrallon range. may be In error 
CaO Na20 K20 
2.77% 6.45% 1.28% 
0.04% 2.68% 5.~ 
0.34% 0.74% 1.18% 
9.64% 1.83% 0.77% 
3.45'" 2 .94% 0.68% 
3.69% 0.00% 2.33% 
0.00% 0.01 % 0.00% 
0.00% 0.0'% 0.00% 
As Rb Sr 
17 50 287 
31 192 29 
21 50 30 
12 36 269 
18 45 569 
26 57 210 
11 0.4 1.6 









































Tabl! Ill>! Tr~. - .,,~ ns,. !arth - !lml(;ll c;~g&.ntlgg lili!!!l of thl·ul~h~ ~:a 1"51111 ~III iaw~ talill 
Nama y 1I ND Ba La Ce Pr Nd Sm Eu Gd Tb Oy 
MassIWe Ore 
TlI3-34B 2.10 4.33 1.511 16.11 1.38 288 0 .33 122 0.211 0 .04 0 .28 O.lM 0J.'i 
TLI3-34Bl 2.06 4.55 1.51 16.11 1 .25 2 .75 0 .31 1.23 0.28 0 .03 0 .30 0.05 0 .40 
T113-34 B(Avg) 2.08 4 .44 1.53 16.11 1.31 281 0 .32 122 0.28 0 .03 0.28 0 .05 0 .37 
TlI3-J2A 3.12 7.10 2 .47 2S .4 1.86 3 .511 0 .44 1.88 0.50 0 .07 0.50 0.01 051 
T113-32AI 3.37 9.14 2.58 25.4 1.73 376 0 .48 192 O.te 0 .07 0.5' 0 .01 0 .88 
TlI3-34A(Avgl 3.25 8.'2 2.51 25 .4 1.69 3 .88 0 .45 1811 O.te 0 .07 0 .51 0.01 o !III 
TL13-32F 3.54 19.84 2.44 36.0 2.77 8 .07 0 .7' 2.71 0.83 0 .07 0.4i 0.07 0 .81 
T113-32F' 3.49 15.87 2 .40 35.0 2 .98 8 .44 0 .78 2.83 0.58 0 .07 0.53 0.01 O.&J 
TLl3 - 32F (Avg) 3.51 17.78 2.42 35.5 2.87 8 .25 0 .73 2.77 0.80 0 .07 0.51 0 .01 062 
TlI3-32J 0 .97 3.41 0 .88 11 .5 0 .80 198 0 .24 0.84 0.17 0 .03 0.15 0 .02 O. IV 
TlI3-32N 2.02 11.43 1.55 18.4 2.01 4 .50 0 .52 1.82 0.41 0 .05 0.32 0 .08 0 .37 
TL13-35C 0.47 2.11 2.01 2 .0 0 .77 1.81 0 .21 0.81 0.20 0 .02 0.12 0 .02 0 .10 
TlI3-63A 1.25 6 .13 1.72 11. I 0 .85 1.50 0 .18 073 0.18 002 0.18 0 .03 0 .21 
T113-98A 2.37 6.84 2.05 9 .5 0 .58 1.35 0 .18 0.77 0.25 0 .03 0.3' 0 .05 0.47 
Tl'3-00A 2.70 8.71 2 .32 12.2 2 .17 4 .70 0 .54 185 0.43 0 .08 0 .37 0 .07 0 .4W 
T113-.o~ 3.93 22.85 5.15 25 .2 2.30 5.28 0 .88 2.113 0.511 0 .06 O.eo 0 .'0 0 .71 
TLl3-.62B 2.77 10.511 1.83 39.0 1.77 3 .99 0 .45 1.8i 0.45 0 .08 0.37 0 .05 0 .4~ 
T113-161F 1.26 7.28 1.411 11 .4 0 .59 1.27 0 .15 057 0.11 0 .02 0.20 0 .03 
" 2J T113-161l 1.80 8.38 2.03 7.7 1.04 2 .58 0 .32 1.19 0.31 0 .03 028 O.lM 031 
Mean 2.42 9.14 2.13 20.1 1.59 3 .53 0 .42 1.8' 0.38 0 .05 0.38 0 .06 o.u 
Margin O'e 
Tl13-32R 5.81 7.88 1.94 19.268 3 .8 1 698 0 .711 JDe 0.70 0.10 O~ 0 .08 077 
Ore in Granite 
TL'3-6'A 54 361 27 474 71 142 18 59 10.11 1.18 11.3 1.38 115 
TLl3-97A 35 345 18 807 45 87 10 38 8.i 1.31 8 .5 0 .113 U 
TL13-61A2 70 443 3J SOl 76 155 18 63 '2.8 1.47 11.1 1.74 125 
Mean 53 383 26 527 64 128 15 53 10. ' 1.32 8.0 1.35 11.5 
Sublayar rock 
T113-98B 38 745 12.7 .74 117 218 24 86 14.1 2.9 lUI 1.8 9.4 
Tl1)-98B2 22 281 8.0 118 39 75 8 29 5.3 1.0 4.7 01 4.J 
Mean 30 SOl 10.4 146 78 147 16 58 9.7 1.9 8.1 1.1 11.9 
Oi .... minB1ed ore In SlJ>layer 
TL'3 - 64A 20 71 11.0 181 18.8 36.2 4.3 111.5 3.5 0 .8 3.1 0.11 39 
T~. J-64A2 15 85 7.2 93 10.5 22.3 2 .5 10.1 2.1 0.3 2.1 0.4 2.7 
Mean .8 68 11.8 137 13.5 29.2 3 .4 13.3 2.8 0 .5 2.8 0.5 3.3 
Sublay.r "'. 
TL13-97B 14 48 7.0 53 5.4 13.2 ' .8 6.1 U 0.3 1.8 0.3 2~ 
TL1S-01A S 37 4 .4 38 8.6 17.8 2.0 7.7 1.8 0.3 13 0.2 1 ~ 
Mean 1\ 43 5.7 45 7.0 15.:; 1.8 11.9 1.11 0 .3 1.5 0.3 2CJ 
M "rra y Granil. 
T113-34A 76 488 11 .3 220 108 214 24 87 '8.8 ~ .O 15.4 U 154 
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the range of 2.3 to 5.2. and by strong negative Eu anomalies with Eu' 
(chondrite normalized Eu value/mean of the chondrite normalized Sm and Gd 
values) mostly in the range of 0.35 to 0.50. 
Only one sample (TL 13-32R) of the massive sulphide ores from the 
margin of the orebody has been analyzed for its REE concentrations. Data for 
this sample are entirely different from that for other massive sulphide ores. In 
Chapter 8. it was shown that the margin of the orebody was characterized by 
high concentrations of Pd. Pt. and Au. Similarly. L REE. L LREE. and L HREE 
are enriched at 25.4 ppm. 15 .2 ppm. and 4.3 ppm respectively (Table 10.3). 
The sample from the margin of the orebody is characterized by strong LREE and 
HREE enrichment. and depletion in the middle REE. resulting in a "U-shaped" 
REE pattern (Figure 10.2) with a (La/Lu)n ratio of 0.90 and a negative Eu 
anomaly with a Eu' value of 0.45. 
10.3.2 SUBlAYER ROCKS AND SUBlAYER ORES 
There is no sha. p boundary between the Sublayer rocks and the Sublayer ores. 
If sulphide concentrations in the Sublayer are high enough, Sublayer ores are 
formed. Samples of Sublayer rocks contain less than 5% S, 630 ppm Ni, 
1.05% Cu, 44 ppm Ab. 400 ppm Sr, 29 ppm V, 146 ppm Sa. 503 ppm Zr. 
10.4 ppm Nb. 12.0 ppm Hf. 5.0 ppm Ta. and 16.4 ppm Th (Table 10.2). 
Selected samples of Sublayer ores contain 20% S. 2.0 % Ni. 6.7% Cu. 21.5 
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ppm Rb, 89 ppm Sr, 14.5 ppm V, 73 ppm Sa, 56.5 'lpm Zr, 7.1 ppm Nb, 1.4 
ppm Hf, 0.76 ppm Ta, and 1.9 ppm Th (Table 8.2). 
I REE, I LREE, and L HREE range from 530 ppm, 461 ppm, and 31 ppm 
respectively in Sublayer rocks; to 51 ppm, 28 ppm, 8.9 ppm respectively in 
Sublayer ores (Table 10.3). Chondrite normalized REE patterns for the Sublayer 
rocks and ores are illustrated in Figure 10.3. With increasing sulphide 
concentrations, the shapes of REE patterns change. Sublayer rocks are 
characterized by LREE·enrichment with a (La/Lu)" ratio of 29.6 and a weaker 
negative Eu anomaly (Eu' = O. 66). The sublayer ores have a weaker LREE-
enrichment, generally a flat "V-shaped" REE pattern with a (La/LuI" ratio of 2.3 
and a stronger Eu anomaly (Eu' = O. 50) in the Sublayer ores than the sublayer 
rocks. 
10.3.3 DISSEMINATED SULPHIDE ORE IN THE MURRAY GRANITE 
The disseminated sulphide ores in the Murray Granite have higher REE 
concentrations than the other sulphide ores since the granite is REE-rich. The 
ores have I REE from 248 to 446 ppm, I LREE from 188 to 327 ppm, and 
IHREE from 24.8 to 48.6 ppm (Table 10.31. The ores are characterized by 
strong LREE-enriched REE patterns (Figure 10.41 with (La/LuI" ratios in the 
range of 5.4 to 7.8; and by a strong negative Eu anomaly with Eu' values in 
the range of 0.35 to 0.58. The typical disseminated ores in the granite contain 
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6-11 % 5,0.26-0.38 % Ni, 1-12% Cu, 57-162 ppm Rb, 152-209 ppm Sr, 35-
70 ppm Y, 473-606 ppm Sa, 344-443 ppm Zr, 18-33 ppm Nb, 7-11 ppm Hf, 
1.9-6.7 ppm Ta, and 10-21 ppm Th (Table 10.2). 
10.3.4 MURRAY GRANITE 
Two samples (one sample in duplicate) of Murray Gra"ite were analyzed for 
their REE coments. One of the samples (TL 13-34C) is near the contact with 
massive sulphide ores and is strongly enriched in quartz (30%). The more 
typical Murray Granite contains 0.18% S, 45 ppm Ni, 1389 ppm Cu, 50.2 ppm 
Rb, 287 ppm Sr, 76 ppm Y, 220 ppm Ba, 486 ppm Zr, 11.4 ppm Nb, 10.7 
ppm Hf, 7.8 ppm Ta, and 31.8 ppm Th (Table 10.2). 
The granite has mean L REE of 581 ppm, L LAEE of 453 ppm, and 
L HREE of 52 ppm (Table 10.3). The quartz-enriched sample (TL 13-34C) has 
L REE of 121 ppm, L LREE of 96 ppm, and L HREE of 10 ppm. The chand rite 
normalized REE patterns for both granites are shown in Figure 10.5. Both of 
the samples are characterized by strong LREE-enrichment REE patterns with 
(La/LUi" ratios in the range of 12.8 to 14.3; and by a strong negative Eu 
anomaly with Eu' values in the range of 0.36 to 0.37. 
10.3.5 SILICATE INCLUSION IN MASSIVE S'JLPHIDE ORES 
One of the felsic silicate inclusions in the massive sulphide are was analyzed 
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for its trace element and REE concentrations . The inclusion contained 0 .43% 
S. 27 ppm Ni, 3 ~ 87 ppm Cu, 192 ppm Rb, 29.2 ppm Sr, 5.6 ppm Y, 283 ppm 
Sa, 36.6 ppm Zr, 6 .3 ppm Nb, 1 .19 ppm Hf. 9 .32 ppm Ta, and 3.77 ppm Th 
(Table 10.2). 
The inclusion has L REE, L lREE, and L HREE of 34.9 ppm, 25 .3 ppm .. 
and 4.0 ppm respectively (Table 10.3). The REE pattern of the inclusion is 
characterized by strong LREE enr ichment and little enrichment in HREE (Figure 
10.6) with a (La/lul n ratio of 5 .3: and by a negative Eu anomaly, with a Eu' 
value of 0 .60. 
10.4 DISCUSSION 
10.4.1 DISTRIBUTIONS OF RARE EARTH ELEMENTS IN DIFFERENT 
GEOLOGICAL UNITS FROM THE THAYER LINDSLEY MINE 
In order to compare the REE mixing and the REE fractionation of different rock 
types, the mean concentrations of the rock types were normalized first to Lu 
and then to chondrite values . By normalizing to Lu, averaqe analyses Clf 
indivi(iual units (for example 13 analyses of massiv~ sulphides, Figure 10.1 I can 
be represented on a REE variation diagram as a single line. This facilitates 
comparison and interpretation. The doubly normalized REE patterns of the 
different geological units from the Thayer Lindsley Mine are illustrated in Figure 
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10.7. The South Range border norite (see also Chapter 6) is characterized by 
a LREE enrichment with a negligible Eu anomaly . The Sublayer unit shows the 
strongest LREE enrichment with a weak negative Eu anomaly . The Murray 
Granite shows LREE enrichment with the strongest negative Eu anomaly . 
Massive sulphide ores, Sublayer ores, disseminated ores in the Murray Granite. 
and a silicate inclusion in the massive sulphide ores show similar normalized 
REE patterns which are characterized by a slight LREE enrichment and a strong 
negative Eu anomaly. The marginal massive sulphide ore displays a distinctive 
REE normalized pattern which is significantly different from other ore and rock 
types . 
10.4.2 FRACTIONATION OF REE BETWEEN SUBLAYER ROCKS AND 
SUBLAYER ORES DURING SULPHIDE SEGREGATION 
The strong REE fractionation (particularly for the lREE) between silicate melt 
and sulphide liquid during the sulphide segregation in the Sublayer is shown in 
the chondrite normalized REE patterns (Figure 10.3). LREE which are more 
compatible in the silicate melt than in the sulphide liquid are enriched in the 
silicate melt during the segregation . Figure 10.8 shows a negative correlation 
between (La/lu) (logarithmic) and S contents in the sulphide ores and the 
Sublayer rock. Therefore, the Sublayer rocks are characterized by LREE-
enrichment with a (La/Lu)n ratio of 29.6, whereas the Sublayer ores are 
" # 0' -
.. I· - • 
. . 
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characterized by weak lREE-enrichment of flat "V-shaped" REE patterns with 
a (la/lul n ratio of 2.3. 
Osmium isotope initial rat.ios (Walker et al., 1991 and Dickin et al., 
1992) from sulphide ores of several mines at Sudbury are very similar, 
suggesting a common isotopic composition for the original ore. Neither the Os 
model age nor the Os initial isotopic composition of the Sublayer are 
significantly different from the Main Mass norite, suggesting that the Sublayer 
and the Main Mass norit.e are related magma types. Naldrett et al. (1970)' and 
Kuo and Crocket (1979) interpreted the border Quartz-rich norite as a rapidly 
cooled marginal facies, and suggested that it preserved the original composition 
of the parent magma. If the original magma of the Sublayer, before sulphide 
segregation, is assumed to have a REE composition similar to that of the South 
Range border norite, then the relative proportions of silicate and sulphide in the 
magma can be calculated from REE fractionation between the Sublayer rocks 
and ores. Given a mixing model with 35% Sublayer rocks (less than 5% 
sulphide) and 65% Sublayer ores, then the calculated REE patterns of the 
resulting mixture is a close match to that of the border norite (Figure 10.9). 
The mixing model predicts there should be 65% sulphide in the Sublayer, 
however, there is much less sulphide ore in the Sublayer. The Question of 
where the rest of the sulphide resides needs to be answered. 
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10.4.3 ORIGIN OF MASSIVE SULPHIDE ORES IN THE 48 ORE ZONE 
The massive sulphide ore bodies of the 48 Ore Zone are located in the Murray 
Granite approximately 30 m south of the base of the SIC at depths of between 
1250 and 1370 m (see Chapter 8). Some of the sulphide ore bodies can be 
traced into the Sub layer (Figure 8.6) . The massive sulphide ores in the 48 Ore 
Zone have very similar chondrite normalized REE patterns to the Sublayer ores 
which are characterized by weak LREE-enrichment of flat "V-shaped" REE 
patterns (Figure 10.1 and Figure 10.3), with (La/Lu)n ratios in the range of 2.3 
to 5.2, and strong Eu negative anomalies. However, the absolute REE contents 
of the massive sulphide ores are less than the Sublayer ores (Table 10.3) . 
Petrographic examination shows that there is always a small proportion of 
silicate contained in the Sublayer ores . If the REE concentrations of the silicate 
are subtracted from the Sublayer ores, the Sublayer ores will have similar 
concentrations to the massive sulphide ores in the 48 Ore Zone. Therefore, the 
REE data is consistent with the model in Chapter 9, in which the massive ores 
in the footwall granite are parts of a high:y fractionated sulphide liquid which 
was expelled from the original sulphide magma along a structural weakness into 
the footwall granite. The interpretation of the fractional crystallization of the 
monosulphide solid solution from a sulphide melt has been discussed in Chapter 
9, and is supported by several workers including Hawley (1965), Keays and 




10.4.4 INVOLVEMENT OF A HYDROTHERMAL FLUID AT THE MARGIN OF 
OREBODY 
The chondrite normalized REE pattern of the massive sulphide near the margin 
of the orebody is different from those of the other massive sulphide ores, 
suggesting a different mineralization process. The pattern is characterized by 
strong lREE and HREE enrichment, and depletion in the middle REE resulting in 
a "U-shaped" REE pattern; and a strong negative Eu anomaly (Figure 10.2). The 
"U-shaped" pattern is very similar to some REE patterns of Archean 
mesothermal gold deposits (Kerrich and Fryer, 1979). The host rocks at the 
margin of the orebody are altered to epidote, chlorite, and carbonate . This 
suggests that a hydrothermal fluid V'vas locally active there. Hydrothermal 
alteration has also been reported at the margins of the massive veins at the 
Strathcona Mine (Farrow et al., 1992; and li et al., 1992). Hermann (1972) 
concluded that transport of the REE as carbonate, fluoride, or sulphate 
complexes in alkaline solutions has played a dominant role in their mobility and 
deposition; and that the increasing stability of these complexes with increasing 
atomic number of the REE results in enrichment of the heaviest REE in the 
latest stage deposits, where the most stable complexes were the last to break 
down. Kosterin (1959) suggested that decreasing pressure, fixation of C0 3' 2, 
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or a change in alkalinity are possible reasons for the complexes to break down 
and the REE to precipitate. The strong HREE enrichment of the sulphide ore at 
the margin of the 48 Ore Zone may indicate involvement of a hydrothermal 
fluid. The fluid may either be late stage magmatic voiatiles or a post-
mineralization hydrothermal solution which remobilized the HREE . 
10.4.5 ORIGIN OF DISSEMINATED SULPHIDE ORE IN THE GRANITE 
The REE contents of the di.~seminated sulphide ore in the footwall granite can 
be modeled by different proportions of two end members: massive sulphide 
ores and the Murray Granite . Given a mixing model of 40% massive sulphide 
ores and 60% Murray Granite, then the resulting mixture has a calculated REE 
pattern that matches the REE pattern of disseminated ores in the granite (Figure 
10.10). The REE pattern of the calculated mixture is consistent with that of 
the disseminated ores in the granite except for Er, Tm, Vb, and Lu . One 
explanation for why the HREE's of the ores are higher than those from the 
model calculation may reflect interaction with a late magmatic stage or post-
mineralization hydrothermal remobilization as has been suggested for the margin 
of the orebody (see Figures 10.2 and 10.10 for comparison) . 
• \, 'r '. '.. ~ , ., ' - _,', ~ r . 
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10.5 CONCLUSIONS 
(1) Sulphide ores in footwall granite and in the Sublayer were depleted in 
lithophile trace elements (Rb, Ba, REE, Zr, Hf, Nb, Ta, Th, and SrI during 
magmatic sulphide segregation. 
(2) In comparisor. with the South Range norite, which represents the parent 
magma, Sublayer rocks are enriched in light rare earth elements (LREE) 
and have a slightly more negative Eu anomaly, whereas sulphide ores in 
the Sublayer and in the footwall Murray Granite are depleted in LREE 
with more strongly negative Eu anomalies. 
(3) The original REE composition of the Sublayer can be modeled as a 
mixture of 35% typical Sublayer rocks (less than 5%) and 65% Sublayer 
sulphide ores. 
(4) Chondrite normalized REE patterns indicate that the massive ores in the 
footwall granite are parts of a highly fractionated sulphide liquid which 
was expe!led from the original sulphide magma along a structural 
weakness into the footwall granite. 
(5) A distinctive HREE-rich pattern indicates that a late stage magmatic or 
a post-mineralization hydrothermal fluid was involved along the margin 




















La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 
Figure 10.1 Chondrite normalized REE pattems of the massive sulphide ores 
in the 48 Ore Zone at the Thayer Lindsley Mine 
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Massive Sulphide Ore at the Orebody Margin (TL 13-32R) 
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La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 
Figure 10.2 Chondrite normalized REE patterns of a massive sulphide ore 
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La Ce Pr Nd 8m Eu Gd Tb Dy Ho Er Tm Yb Lu 
Figure 10.3 Chondrite normalized REE patterns of the Sublayer rocks and ores 
at the Thayer Lindsley Mine 
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La Ce Pr Nd 8m Eu Gd Tb Dy Ho Er Tm Yb Lu 
Figure 10.4 Chondrite normalized REE patterns of the disseminated ores in the 
Murray granite at the Thayer Lindsley Mine 
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Typical Murray Granite (TL 13-34A) 
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Quartz -enriched Granite (TL 13-34C) 
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La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 
Fis",re 1 0.5 Chondrite normalized REE patterns of the Murray granite at the 
Thayer Lindsley Mine, including a quartz-rich sample near the contact with 
ores. 
Silicate Inclusion (TL 13-32M) 









La Ce Pr Nd Sm Eu Gd Tb Oy Ho Er Tm Yb Lu 
Figure 10.6 Chondrite normalized REE patterns of a felsic silicate inclusion 






La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
o South Range Norite A Sublayer Ore • Massive Sulphide Ore 
o Sublayer 9 Disseminated Ore in Granite )C Silicate Inclusion 
• Murray Granite • Massive Sulphide Ore at the Orebody Margin 
Figure 10.7 Chondrite and Lu doubly normalized REE patterns of the different rock 







0% 10% 20% 
• Massive ores in the footwall gran~e 
• Disseminated ores in the footwall gran~e 
+ Sublayer ores 
















Figure 10.8 Negative correlation between logarithmic (La/Lu)n and S contents in 
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La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu 
Figure 10.9 Chondrite normalized REE pattern of the calculated concentration of 
the original Sublayer magma (35% Sublayer rocks and 65% Sublayer ores I 
compared with that of the south range border norite 
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o Disseminated Sulphide Ores in Granite 




La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Vb Lu 
Figure 10.10 Chondrite normalized REE pattem of the calculated concentration 
of the disseminated ores in the granite (40% massive sulphide ore and 60% 




SUMMARY AND CONCLUDING REMARKS 
11.1 THE DEVELOPMENT OF MICRO-SAMPLING TECHNIQUES USING 
INDUCTIVELY COUPLED PLASMA-MASS SPECTROMETRY 
Three micro·sampling introduction techniques for inductively coupled plasma-
mass spectrometry (ICP-MS) have been developed for application to 
geochemical studies of precious metal-rich nickel-copper ores at Sudbury: (1) 
a solution recycling nebulization system with a disposable spray chamber, (2) 
determination of precious metals in milligram samples of sulphides and 
magnetite using an automated 2 speed peristaltic pump speed controller for 
ICP-MS after cation exchange separation, and (3) in-situ determinations of 
precious metals in sulphide minerals using solid sample introduction by laser 
ablation. 
With the recycling nebulization system, 0.5 9 of sample solution is 
sufficient for 8 min of data acquisition. The sensitivity of the recycling 
nebulization system is s!milar to a conventional Scott spray chamber system. 
Twenty six trace elements were determined by ICP-MS using four internal 
standards (Ge, In, Re, and Bi) to correct for matrix, instrumental drift, and 
enrichment of the sample solution by evaporation. The ability to analyze 
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mineral separates weighing less than 0.1 mg was demonstrated with detection 
limits simiiar to conventional procedures. Analyses of selected geological 
reference materials SY -2. SCR-l • W-1 . ano SR indicate good limits of detection, 
good accuracy and precision, negligible memory. and low consumption of 
sample solution, Rl'sults compare well with data reported using conventional 
ICP-MS analysis. Analyses of the geological reference materials; PCC -l. AL-l, 
FK-N, NBS70a and NBS99a, for 15 Rare Earth Elements (REEl, at ultra-trace 
concentration levels, using cation exchange preconcentration were 
demonstrated, with solid limits of detection from 0 .01 to 1 ng gl (ppb), and 
relative standard deviations of less than 15% for homogenous samples. 
The ability of focused laser radiation to volatilize virtually any material 
has provided a versatile method of direct solid sampling for subsequent 
analysis. A laser ablation microprobe-inductively coupled plasma-mass 
spectrometry (LAM-ICP-MS) was described and its applications to the 
determination of the precious metals in minerals was demonstrated. Although 
LAM-ICP-MS has been demonstrated as a promising new technique for the 
determination of in-situ trace and ultra-trace in minerals (Longerich et al., 
'993a; Jackson et al .• '993a and 1993b; and rryer et al .• 19931. analysis of 
precious metals in sulphides by lAM-ICP-MS in this study was only very 
preliminary because of lack of sufficient sensitivity. Solid limits of detection 
ranged from 26 ppb to 238 ppb. It provides a useful technique to examine the 
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distributions of precious metals, particularly the heavy PGE (Ir, Pt) and Au in 
sulphide minerals. However, serious interferences from base metal-argon 
polyatomic ions on Ru, Rh, and Pd were observed. Further developments are 
required both to minimize these interferences to improve Ru, Rh, and Pd 
ana!ytical results and to provided the analytical sensitivities necessary for 
studies of natural sulphidas. 
To examine the distribution of the precious metals within and between 
minerals requires analytical techniques using microsampling techniques . 
However, serious interference of base metal-argon polyatomic ions and matrix 
effects hampers the accurate determination of precious metals by ICP-MS. A 
method for the quantitative separation of seven precious metals (Ru, Rh, Pd, 
Re, Ir, Pt, and Au) from large amounts of associated base metals in dilute 
hydrochloric acid solutions using a strongly acidic cation exchange resin, 
Amberlite CG- 1 20, was established. The method has been applied to the 
determination of precious metals in small quantities (2-20 mg) of high purity 
sulphide and magnetite mineral separates using an automated 2 speed 
peristaltic pump speed controller and ICP-MS. Solid limits of detection for a 20 
mg sample were less than 4 ppb for Ru, Rh, Re, Ir, Pt, and Au, but higher (29 
ppb) for Pd due to the high memory. Analyses of nickel sulphide fire assay 
beads of the reference material, SARM- 7, shows good agreement with certified 
values with relative standard deviations (RSDI of less than 8% for platinum-
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group elements (PGE). Data from the analvsis of sulphide and magr,etite 
minerals from the Sudbury copper-nickel sulphide ores demonstrate the ability 
of the method to make useful determinations of precious metals for the study 
of are genesis. 
11.2 DISTRIBUTIONS AND PARTITIONING OF THE PRECIOUS METALS IN 
THE SULPHIDE ORES AT SUDBURY 
Distributions and partitioning of the precious metals between the major 
sulphide are rr;nerals, and geochemistry of the REE in sulphides has long 
attracted geochemists because of their implications for petrogenesis . However. 
progress has been hampered due to the considerable analytical difficulty of 
working with small samples using conventional techniques . With the 
advantage of the micro-sampling analytical techniques developed in this study. 
two Ni-Cu-(PGE) deposits - Strathcona and Thayer Lindsley at Sudbury have 
been examined for their PGE and REE geochemistry. 
The distribution of precious metals in orinciple ore minerals (sulphides 
and magnetite). and platinum-group minerals (PGM) at the Strathcona Mine was 
documented. Analytical data for Ru, Rh. Re. and Ir are more consistent than 
those of Pt. Pd. and Au. The distributions of Ru, Rh, and Ir indicates that these 
element are or were dominantly in solid solution in the sulphides and magnetite . 
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The remarkable variations of Pd. Pt. and Au contents in these minerals suggest 
the heterogeneous presence of discrete precious metal phases in these minerals 
which was documented using electron microprobe data. Ru. Rh. and Ir show 
similar distributions and partitioning. An apparent preferential association of 
these elements with specific minerals follows the sequence: sulphide > 
magnetite. Pd, Pt, and Au concentrations, are 10 to 100 times higher than the 
rest of precious metals and show no preferential partition among these 
minerals. Maglletite, usually regarded as having low concentration.; of the 
precious metals. is remarkably enriched in Pt and Pd in the Deep Copper Ore 
Zone. 
The geology and geochemistry of a new developed Ni-Cu-PGE deposit -
Thayer Lindsley Mine were documented. Precious metals (Ru, Rh, Pd, Re, Ir, 
Pt and Au) were determined by ICP-MS from bulk sulphide ores and 20 mg of 
high purity sulphides (pyrrhotite. chalcopyrite, and pentlandite) and magnetite 
in the copper-nickel sulphide ores of the Thayer Lindsley Mine. The distribution 
of precious metals shows that considerable amounts of Ru, Rh, Pd and Ir are 
or were in solid solution in the sulphides and magnetite, whereas the rest of the 
precious metals are dominantly in separate discrete phases either as minor 
inclusions in the ore minerals or as precious metal minerals which are found at 
the boundaries of these minerals. There are no apparent systematic spatial 
variations of precious metals in individual ore minerals from different parts of 
. ---
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the 48 Ore Zone, although bulk NiS sulphide fire analyses shows that the ores 
from the orebody margin are more enriched in Pd, Pt and Au. 
The 48 Ore Zone at the Thayer Lindsley Mine is stratigraphically 
equivalent to the Deep Copper Zone at the Strat.hcona Mine in that both ore 
lanes are hosted by footwall rocks of the SIC. They are also similar in in that 
characterized by strong enrichment of the precious metals. The Deep Copper 
Zone is composed of highly irregular massive sulphide veins which are 
predominantly composed of chalcopyrite and cubanite, whereas the 48 Ore 
Zone consists of massive sulphide ore bodies which are predominantly 
composed of pyrrhotite and chalcopyrite. Precious metal analyses of mineral 
separates in both are zones show considerable amounts of Ru, Rh, Pd and Ir 
are or were in solid solution in the sulphides and magnetite, whereas the rest 
of the precious metals are dominantly in separate discrete phases either as 
minor inclusions in the are minerals or as precious metal minerals which are 
found at the boundaries of the ore minerals. However. the are minerals in the 
48 Ore Zone are much more strongly depleted in Pt and show no correlations 
between Pt and Pd, which is quite different from relationships in the Deep 
Copper Ore Zone. 
Partition coefficients (Kd values) at ppb to ppm levels of precious metals 
among th& ore minerals at the Thayer Lindsley Mine have been investigated . 
Partitioning of RUt Rh, and Ir between these minerals follows ~he same 
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sequence (with decreasing order): pyrrhotite> pentlandite > chalcopyrite> 
magnetite. Partitioning of Pd. Re. Pt. and Au does not follow this sequence; 
and is different for each element. Crystallization and subsequent exso:ution are 
mainl'( responsible for the distribution and fractionation of precious metals in 
sulphides and magnetite. A fractionation model is proposed to explain the 
precious metal ore genesis. 
A study of the trace element geochemistry at the Thayer Lindsley deposit 
indicates that sulphide ores in footwall granite and in the Sub layer are depleted 
in lithophile trace elements (Rb. Sa. REE. Zr. Hf. Nb. Ta. Th. and Sr) during 
magmatic sulphide segregation. In comparison with the South Range norite 
which is thought to represent the parent magma. the Sublayer rocks are 
enriched in light rare earth elements (LREE) and have slightly negative Eu 
anomalies. whereas sulphide ores in the Sublayer and in the footwall Murray 
granite are depleted in LREE have a strongly negative Eu anomaly. The original 
REE composition of the Sublayer magma can be modeled from 35% Sublayer 
rocks and 65% Sublayer sulphide ores. Chondrite normalized REE distribution 
patterns indicate that the massive ores in the footwall granite are parts of a 
highly fractionated sulphide liquid which was expelled from the original sulphide 
magma along structural weakness into the footwall granite. A distinctive REE 
distribution pattern indicates a hydrothermal fluid was involved in the 
development of the ore body margin. 
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, 1.3 FUTURE WORK 
A method for the determination of the precious metals in milligram samples of 
sulphides and magnetite after preconcenlration using ion exchange with an 
automated 2 speed peristaltic pump speei controller and ICP-MS allows the 
examination of precious metals distributions and fractionation within and 
between the minerals. However, in spite of very small quantities of high purity 
mineral separates, some PGE and Au alloy inClusions at the micrometer scale 
within some minerals could not eliminated, which will require specific in-situ 
probe analytical techniques for future work. LAM-ICP-MS was preliminarily 
investigated for this purpose. However, serious interferel"ces of base metal-
argon polyatomic ions on Ru, Rh , and Pd were observed. Further development 
is required to minimize these interferences to improve analytical results, or 
other in-situ microprobe techniques need to be developed . 
Mass balance calculation in the ore in the 4B Ore Zone at the Thayer 
Lindsley Mine indicates that the majority of Pt, Pd, and Au are in discrete 
mineral phases. Although some precious metal minerals was found in this 
study, further work is required to documant the detailed precious metal 
mineralogy and its distribution within the ore zone. 
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PROCEDURES OF NICKEL SULPHIDE FIRE-ASSAY 
COLLECTION AND TELLURIUM COPRECIPITATION FOR 
THE DETERMINATION OF PRECIOUS METALS BY ICP-MS 
All reagents are certified American Chemical Society (ACS) grade except where 
indicated . 
Nickel powder Carbonyl nickel powder, 99.8% Ni (INCO 
powder T-1 ~3) 
Sulphur precipitated sulphur powder [United State 
Pharmicopia (U.S.P.) B.D.H. B30317) 
Sodium carbonate anhydrous granular (B.D.H. ACS 777) 
Borax di-sodium tetra borate (B.D.H. ACS 861) 
Silica silicon dioxide floated powder, 240 mesh 
(Anachemica AC-8130) 
Concentrated HCI (12 M) (E.M. SCience) 
Concentrated HN03 (16 M) (B.D .H. ACS 579-43) 
Aqua regia A mixture of 75% distilled concentrated 
HCI and 25% distilled concentrated HN0 3 by 
volume 
HCI (6 M and 0.2 M) Diluted from distilled concentrated HCI 
Te solution 2000 ppm in 10% HC/. Prepared by dissolving Te 
metal (99.999%, SPEX Industry, Metuchen, 
New Jersey, USA) in 15 ml aqua regia followed by 
two evaporation with concentrated HCI; made up to 
volume with 10% HC/. 
SnCI2 solution 110 9 of Stannous chloride (SnCI 2 .2H 20) (Fisher) dissolved in 150 ml concentrated 
HCI and diluted to 500 ml with deionized 
water 
A COLLECTION PROCEDURE (Jackson fit al., 1990) 
1) All sulphide- or chromite-bearing samples were pre-analyzed by X-ray 
florescence Spectrometry (XRF) for S, Cr, Ni, Cu and Zn. 
21 Into a clay crucible were weighed: 15.0 9 samples, 5.0 9 Ni, 3 .09 S, 10 
9 sodium carbonate, 20.0 9 borax and 3 .0 9 silica (5 .0 g for 
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ultramafics). For other sample sizes weights were varied proportionally . 
3) The mixture was fused in a preheated oven at 10000 C for 1.25 hr . and 
allowed to cool. 
4) The crucible was broken open and the NiS button, which had formed in 
the bottom of the crucible, was retrip.ved. 
5) The button was weighted , crushed to small chips and transferred to a 
tall-form 1000-ml beaker. The NiS transferrp.d was weigh~d to allow 
correcth.>n for loss on crushing. 
6) 600 ml of concentrated HCI were added. The beaker was covered with 
a watchglass, transferred to a hotplate at 350°C. A black, precious-
metals- bearing sulphide residue was sometimes evident. 
7) When the NiS had dissolved completely, the solution was allowed to 
cool until warm. Te solution (3.5 mil was added. The solution was 
diluted with an equal volume of water and 12 ml of SnCI 2 solution were 
added. A black Te precipitate formed. The solution was brought slowly 
to boiling over a period of 30 min . to coagulate the precipitate. 
8) The solution was allowed to cool until warm and was filter through a 
MilliporelD, filter system (WhatmanlD 0 .45-pm cellulose nitrate membrane 
filter paper) and washed with 10% Hel. 
9) The filter paper was placed in a 30-ml refluxing test tube. 5 ml of 
concentrated HN03 were added, a reflux condenser attached, and the 
filter paper allowed to dissolve (no heat was applied if Os recovery was 
required). Concentrated Hel (5 ml) was added through the top of t~e 
condenser and the solution was warmed « 1 OOoC) for 20-30 min. to 
dissolve completely the precipitate (the reflux condenser was used to 
minimize loss of volatile Os) . 
10) The solution was allow~d to cool for 10 min. The flux condenser was 
washed down with deionized water, the solution transferred to a 125-ml 
polypropylene bottle and diluted to 100 g with deionized water . 
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A MODIFIED PROCEDURE FOR SULPHIDE ORE SAMPLES 
The collection procedure described here is modified from Jackson et al. as 
follows: 
(1) The major constituents of the samples were determined by X-ray 
fluoresc~nce Spectrometry (XRF). 
(2) 10 9 of sample, 6.70 g of Na2C0 3, and 13.30 g Na 2B40 7 were weighted 
into clay crucibles. Silica was added until the Si0 2 content of the 
sample is equal to 9 .50 g. Sulphur was added until the S content in the 
sample is equal to 4 .22 g. Nickel was added until Ni and Cu contents 
in the sample are equal to 7.00 g. The sample was mixed thoroughly 
with a spatula. 
(3) The mixture was fused in a preheated oven at 10500C for 1.5 hours . 
The crucible was removed and allowed to cool. 
141 The crucible was broken open and the NiS button bead retrieved. 
weighed and transferred to a tall -form 1000 ml pyrex beaker. 
(51 300 to 600 ml distilled 6 N Hel was added . The beaker was covered 
with a watch glass. transferred to a hotplate at 350°C. and the bead 
dissolved. 
(6) The solution was allowed to cool until warm. 3.5 ml of Te solution 
(2000 ppm) was added. The solution was diluted with an equal volume 
(if water and 12 ml of SnCI 2 solution were added to precipitated the Te. 
The solution was brought slowly to boiling over a period of 30 minutes 
to coapulated the black Te precipitate formed. 
(7) The solution was cooled until warm and then filtered through a n'illipore 
filter system (Whatman 0.45 pm cellulose nitrate membrane filter paper) 
and washed with deionized water. 
(8) The filter paper and its content was placed in a 15 ml teflon jar . 5 ml of 
concentrated HN03 were added, and the filter paper was allowed to 
dissolve. Concentrated H':I (5 mIl was added and the solution was 
warmed for 20-30 min . to dissolved completely the precipitC'te . 
(91 The solution v.as allowed to Cool for 10 min. The jar was washed down 
.' ~ ... 
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with deionized water. the solution transferred to a 125-ml polypropylene 












SAMPLE LOCATION AND DESCRIPTION OF THE SUDBURY IGNEOUS COMPLEX (SIC) 
Location 
Highway 69N 3.7 km north of 
L<JSalie Blvd.-Notre Dame intersection 
Highway 69N 4.5 km north of 
LaSalle Blvd.-Notre Dame intersection 
Highway 69N 5.45 km north of 
LaSalle Blvd.-Notre Dame intersection 
Highway 69N 5.85 km north of 
LaSalle Blvd.-Notre Dame int.arsection 
Highway 69N 8.05 km north of 
LaSalle Blvd.-Notre Dame intersection 
Highway 144, discovery site 
Intersection of Highway 144 at Elk's 
Club road, 1.3 km north of Levack turnoff 
Highway 1440.5 km south of 91-ZC-07 
opposite Tamarack Avenue 





South Range quartz-rich norite 
Uppermost South Range norite 
South Range quartz gabbro 
South Range quartz diorite 
South Range border norite 
North Range mafic norite 
North Range felsic norite 









Highway 144N 0.3 km south of levack 
turnoff 
Highway 144N 1.0 km south of Levack 
turnoff 
Highway 144N 3.7 km south of Levack 
turnoff 
Highway 144N 3.7 km south of Levack 
turnoff 
Highway 144N 5.8 km south of levack 
turnoff 
North Range granophyre 
North Range coarse-grained 
granophyre 
North Range fine-grained 
granophyre 









THE ANALYSIS OF PRESSED PELLETS OF GEOLOGICAL 
SAMPLES USING WAVelENGTH DISPERSIVE X-RAY 
FLUORESCENCE SPECTROMETRY (Longerich, 1993b) 
A FISONS/ARl (Mississauga, Ontario) 8420 + sequential wavelength dispersive 
X-Ray spectrometer. 
SAMPLE PREPARATION 
Into a 100 ml glass jar was placed 5.00 g of rock powder and 0.70 9 of BRP-
5933 Bakelite phenolic resin (Bakelite Thermosets Ltd., Brampton, Ontario). 
Two 0.5 inch diameter stainless steel ball bearings were added, and the plastic 
lid was attached . The jar was placed on a roller mixer and rolled for 10 min in 
order to thoroughly mix the rock powder with the resin. The mixed powder 
was placed into a Herzog (Germany) pellet press (29 mm diameter mould) and 
pressed for 5 s at a pressure of 20 tonnes. The pellet was then heated in a 
200°C o'len for 15 min to set the resin. 
DATA ACaUISITION 
Data acquisition parameters are described by longerich (1993b, c.f. Table 1). 
Data was acquired for 30 analyte elements, the Rh Ka compton peak, and 27 
background intensities. The sequence of samples was as follows: 6 reference 
materials (DTS-1, BHVO)-l, SY-2, SY-3, Si0 2 , and PACS-l)' 8 samples, 6 
reference materials (as above), 8 samples, and 6 reference materials (as above). 
Data acquisition times, which vary from 4 to 100 s, are selected depending on 
the sensitivity of the analyte emission and the typical geological abundance of 
the various elements. 
PRECISION 
The precision for the determination of an element is functionally related to the 
concentration. the relative uncertainty in the concentration decreasing with 
increasing concentration. The least squares procedure, in which the standard 
deviation between samples vs. the concentration is fit to a linear equation, not 
only provides a measure of the limit of detection but gives the uncertainty as 
a function of the concentration. The result of these calculations are shown in 
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Table A 1.1. 
Table A 1.1 Accuracy expressed as a bias (the determined (Mean)-literature 
value] 
Element Intercept = std Slope = rsd High Std dev (high 
dev (c =0) (C> > LO) Concentration concentration 
Si02 0.26% 100% 0.3% 
AI 20 3 0 .005% 0.09% 20% 0.022% 
Ti0 2 0 .003% 0 .3% 3% 0.013% 
Fe20 3 0.0019% 0.16% 15% 0.03% 
MnO 0.0003% 0.9% 0.5% 0.005% 
MgO 0.009% 0.014% 50% 0.016% 
CaO 0.003% 0.23% 15% 0 .04% 
Na20 0.005% 0.17% 10% 0.021% 
K20 0 .004% 0,24% 15% 0,04% 
P20S 0.0010% 0 .6% 0.5% 0.004% 
Cr 30pm 0.4% 4000 ppm 20 ppm 
Ni 1 .5 ppm 0.8% 2500 J.Jpm 22 ppm 
Cu 1.1 ppm 0 .5% 400 ppm 3 ppm 
Zn 0.5 ppm 0.6% 700 ppm 3 ppm 
V 2.1 ppm 0.9 % 0,5 % 0 ,005% 
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ACCURACY 
Accuracy expressed as a bias [the determined (Mean)-literature value J is given 
in Table A 1.1 
Table A 1.1 Accuracy expressed as a bias [the determined (Mean)-literature 
value I 
Element Concentration Range Bias (Mean-Literature) 
Si0 2 36 to 100% -4.1% to 4.4% 
AI 20 3 o to 18% + 1 % to -1 % 
Ti02 o to 3% -0 .1 % to + 0.05% 
FeO o to 15% -0.5% to +0.5% 
MnO o to 0.3% + 0.01 % to -0.01 % 
MgO o to 50% + 1 % to -1 % 
CaO o to 13% -0.2 to +C.2% 
Na 20 o to 9% -0.2% to + 1.0% 
K 20 o to 15% -0.2 to +0.05% 
P20S o to 0 .5% -0.05% to +0.02% 
Cr o to 4000 ppm -50 ppm to +50 ppm 
Ni o to 2400 ppm -14 ppm to + 14 ppm 
Cu o to 400 ppm -9 ppm to + 3 ppm 
Zn o to 800 ppm -2 ppm to + 23 ppm 
V o to 640 ppm -11 to + 6 ppm 
APPENDIX IV: 
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DETERMINATION OF TRACE· AND RARE EARTH· 
ELEMENTS USING A NazOz SINTER (longerich gt 8/ .• 
19931 
Naz0 2 SINTER DATA ACQUISITION 
A run consists uf up to 56 samples. including reference materials. SiO l blanks. 
and duplicates. Data is acquired in cycles of 12 solutions using the 
autosampler. The standards are supplied in 250 ml bottles. while 10 ml of 
samples and blanks are contained in 12 ml test tubes. Up to 8 cycles (56 
samples. 96 acquisitions) are in each unattended run. 
Each cycle of 12 solutions consists of 4 standards, 1 r.alibration blank 
(0.2 M HNOl ), and 7 samples. 
Standard A contains Sr. y, Zr. Ba. La. Ceo Pro Nd. Ho. Er, Tm. Yb and 
Th. 
Standard B contains Sm. Eu. lu. and Hf. 
Standard C contains Gd. 
Standard 0 contains Tb and Oy. 
An internal standard solution containing Rb, Cs, TI, and U is pumped, on 
line. into a "Y" junction at 1 part spike to 2 parts sample for a total flow rate 
of 1 g/min. 
Data is acquired at each mass for 10 seconds, using a dwell time of 50 
ms. The ions measured are 85Rb. 88Sr, 89y. 93Nb. 133CS. 131Sa. 139la. 140Ce. 
141Pr. 145Nd. 141Sm. 151Eu. 157Gd, 159Tb. 1I10Gd, 1830y, ' 85Ho. 187Er, 189Tm, 17:1Yb. 
175lu, 177Hf, 191Ta, 2olTI, 232Th, 238U, and 239U160. 
NazOz SINTER DATA REDUCTION 
All samples and standards are background corrected using the mean of all 
calibration blanks in a run. 
Corrections are applied for the interference of the oxides of Ba, Pr, Nd, 
Sm, Eu, Gd, Tti, Oy, and Ho on the analytes Eu, Gd, Tb, Dy. Ho. Er. 1 m. Vb, 
Lu, and Hf. Each interference correction is normalized to the UO/U ratio in the 
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sample relative to the UOIO ratio in the standards. For 1eoGd a correction is 
also applied for the interference from 180Dy. This correction factor is 
determined from standard D. in order not to included mass discrimination 
variation in the correction. Calibration is from the 4 external standards for most 
elements. except for Nb and Ta which are calibrated using Zr and Hf. 
respe"'~ively. as surrogates . 
The matrix is corrected using a mass interpolated ratio of the intensity 
of the internal standards in the samples and the previous standards. 
The analysis of Gd is superior using mass 157 for light rare earth element 
depleted samples. However, for the light rare earth element enriched samples 
in this study. the use of mass 160 results in less interference. 
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APPENDIX V: A PUBLICATION RELATED TO THIS THESIS 
J()t)I<NAI. OF ANAI.YTlCAL ATOMIC SPECTROMETRY. SEPTEMBER 1992. VOL 7 905 
Recycling Nebulization System With a Disposable Spray Chamber for 
Analysis of Sub-milligram Samples of Geological Materials Using 
Inductively Coupled Plasma Mass Spectrometry* 
ZhongJling Chen, Hlmry P. Longericht and Brian J. Fryer 
Department of Earth Sciences and Centre for Earth Resources ResearCh. Memorial University of 
Newfoundland, Sf. John's, Newfoundland, Canada AlB 3X5 
._-._---- -- ------ -.. _--------------------
A recycling nebulization system with a disposable spray chamber was developed and evaluated for inductively 
coupled plasma mass spectrometry (ICP·MS). With the recycling nebulization system. 0 .5 g of sample solution is 
sufficient for 8 Imn of data acquisit,on. Tr,e sensitiVity of the recycling nebulization system was similar to a 
conventional Scott spray chamber system . TwentY-Six trace elements were determined by ICP·MS using four 
Internal standards (Ge, In, Ae and Bi) to correct for matrix effects, instrumental drift and enrichment of the sample 
solution by evaporation. The ability to analyse mineral separates weighing less than 0.1 mg is demonstrated with 
detectIon limIts simIlar to conventional procedures. Analyses of selected geOlogical reference materials: Canada 
Centre for Energy and Mineral Technology (CANMfT) SY-2 Syenite ROCk . United State:; Geological Survey 
(USGS) reference material BCR-l and W-l and Centre de Recherches Petrographiques et Geochimiques (CAPG) 
reference matenal BR indicate good limits of detection, good accur"cy and precision, a very low Memory effect 
and low consumption of sample solution . Results compare well with data reported using conventionallCP-MS 
analySis. AnalySiS of the USGS geological reference matf'!rial, PCC-l, for 14 rare earth elements, at ultra-trace 
concentration levels using cation-exchange preconcentration. is demonstrated, with limits of detection for solids 
of from O.Ot to 1 ng g , and relative standard deviations of less than 15%. 
Keywords: Inductively coupled plasma mass spectrometry; recycling nebulization system; disposable spray 
chamber; sub-mIlligram sample mass; geological applications 
Th(' usual method for sample introduction in inductively 
roupit'd plasma mass spectrometry (ICP-MS) IS solution 
Ill'llUlllatlon, I'Ia a MClnhard concentric nebuliLer with a 
SI.·otl spray cham her. However. with this technrque. the 
dlil'lC'ncy of transpon of sample into the plasma is low With 
more than 95% of the sample di~carded to wastc.' Although 
('!lincnt sample transfer to the plasma 15 nOl generally 
Important. there arc analyses where the sample volume is 
Irmlled oy the mass of sample available or by the dillicully 
of dissolving large masses of sample. Also, rn some 
gl'ulogiral materials such as zoned minerals or line-grained 
Intergrowths, separation of large amounts of speCific homo-
geneous phases can be verv ditllcult or even impossible. In 
Ihl'sl' ca.cs, painstaking rr.anual sl'paration is required to 
nllnrmizc the inclusion of minor phases. 
Several designs of recycling nebulilation systems h:\'(~ 
Ix'l'n rep )nl'd that recycle the waste solution 10 the 
nebuiller. l , Thesl' systems demonstrate continuous nebuli-
latl"n With small voluml's for long pl'finds and thl' 
IIlI'ilSUrl'l1ll'nt Ill' multiple l'Iemt'nts With atomic cmlSSlon 
SI'I'l'tfllOll'tl'rs. Hllwrvcr. thesc systems have two maj"r 
prohlems. 1l3111l'1y. ennchnlt:nt of the concentration of the 
sillnpk solutIOn by evaporation and memory etTects (dltT!-
l'UIt) in washing a previous 5."lmple sO!l\tion from the 
nl'bulil('r-spray chamber system). Evaporation of the sam-
pk solullon ('an he f('duced by humidifYing the nebulizer 
gas! but th(' memory efTect is 3 more severe Ilroblem.' The 
11illltion Ilnd contamination of samples by the hq~lid 
fl'maining in th(' Sllra) chamher from prel'lOU5 sampks and 
wash solutions has not been addressed by previous workl'fs. 
Ren~ntl)· . Isoyama ('/11/' rcpor1cd a rec~cling configuration 
that us('d a replaceable spray chamber for ICP atomic 
l'nllssion spcctrometr), . These workl'rs discussed the proh-
I('m of ('on~entration of Ih(' sample by evaporation, how-
e'·cr. they did not apply the mrthod of standard additions 
10 l'orrcct for $3mpk ('vaporation. 
·r~'rn\('d ,n pan at Ihe 1991 W,nlrr Confrrrncl' on Plasma 
Sprcln.'k·hl'mi~tl') . S3n Dlrgo. ('A. liSA . January 6-tl . 1'1'11 
f r" wh,'m <'1lrl't"~I'(\ndrnt'(' should IW' 311df('s~('d 
There arc several introduction techniques for small 
samples applicable to the ICP, i.(' .. electrothermal volatili· 
1:at ion. now injection. laser ablation and the dirC'ct insertion 
nebulizer. Howe'er. a recycling nebulization system has 
se"eral advantages compared with these methods: a homo-
geneous solution; long data acquisition time (5 min) with a 
'stable' signal : and reduced sample mass without the 




The ICP-MS instrument usC'd in these studies was a 
modified SClEX (now Perkin-Elmer SCIEX) Elan Model 
250 ' ·'0 The \ampler and \kimmer wen~ ~Iightly modified 
and made in·house'l The instrument has been upgraded to 
a Model 5000 computn system using Perkin-Elmer sup-
plied hardware and software. All of the old printed circuit 
hoards in the computer rack were removed and replaced 
With two new boards. One of these boards is connected to 
an IBM PS/2 Model 70.386/387 computer using IEEE-488 
'"terface hardware. New Elan 5000 software. from Perkin-
Elmer, version I .04·ICPS (a modification of version 1.04 
which incorporates an ICP shut·otT enhancement) was used . 
For a;'lalyses, in which the recycling system was nol used, a 
Gilson 212B autosampler was employed which replac('d the 
ISCO ISIS autosarnpler . The Gilson supplied sipper was 
r('placed by a piece of quanz tubing (3 mm o.d . and I mm 
i.d .) installed in a poly(tetrafluorocthykn(') (PTFE) holder 
which was fabricated in·house. 
No on·line concentration calcula\lons were made, only 
count rat('s were collected using the Elan software. The Elan 
software was used to cJ'('ate 'repon' files. which contain the 
count rate data in an ASCII format. These files are 
translated using a BaSIC program, compiled and wrillen in-
house, which tra:1s1ates the data into a Lotus-formatlcd 
sprl'ad sheet file and $3\'('5 the lile on a noppy disk. This 
translatl' program is "\l'ruted under the S(,IEX rec· 
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Table I I< 'P-MS operating renditIons 
IntlUC(ln' /l ' {'Imp"''' phlHJlI.1-
1'13'"1;1 I\a, 
FON'ant pO~t' r! \\ ' 
Ren~Cled fl',wl'rlW 
(itH Ilow-
\ I ~!"11 
1.'1)11 
l'la,ma (ouler) gas 110w raie/llm I min - I 
AU\lhary (intermediate) ga~ flnw rall'/dOl' "1111 I 















Replicate l ime/s 
Owrll time/ms 
Sweeps per replicate 
Number of replicates 
Points arross peak 
Resolution 
om mended DOS shell, vpix. All subsequenl data manipula-
tion was performed off-line using commercial spread sheel 
software on personal computers. For each analytical run 
(4-12 h), the nebulizer gas flow was adjusted to 0.9-\.1 
dm' min -', using a solution containing 100 ng g - I ofCs and 
Th,ll !>O that : ThO· :Th· was <0.1; the sensitivity ofCs was 
> 1000 counts S-I ng- I g; and the sensitivity of Bi was 
> 500 counlS S -I ng- I g. These conditions rcprcsenl a 
compromise between maximum sensitivity and manimum 
polyatomic-ion formation . Other o~rating conditions are 
given in Table I. 
Recvclinl Nebulization System 
Two recycling nebulization systems, referred to here as 
'cyclone' and 'parallel', (Fig. I) were evaluated. It is 
recognized that the dimensions of the cyclone spray 
chamber are not large enough for true cyclone gas now 
dynamics, the term cyclone being used only to describe the 
configuration . Both systems consisted of a nebulizer. 
disposable spray chamber, glass transport tube and holder. 
A concentric nebulizer (either Meinhard. Model SB-30-(: I 
or TR-30-C I) was used with PTFE capillary tubing for 
sample recycling (25 mm long, 0 .3 or 0.5 mIT'. i.d .). The 
disposable spray chamber was a screw-top plastic centnfuge 
tube (25 mm o.d ., 107 mm high, 30 em' capacity, Sarstedtl. 
The 8 mm o.d. Pyrex transport lube, with the end expanded 
to 12 mm o .d . to reduce blockage. was connected to the ICP 
torch with 0.75 m of 8 mm o .d. Tygon tubing. The holder 
was constructed of PTFE and used O-ring seals for the 
nebulizer and the glass transport tube and a press fit for the 
PTFE solution-transport tubing. In the parallel recycling 
nebulization system, the concentric nebulizer was po~i­
lianed vertically and parallel 10 Ihe Iransport tube (Fig. 
I(a», while in the cyclone system (Fig. I(b)), the nebulizer 
was posilioned ~rpendicular to the transport lube . 100ltai 
experimenh demonstrated that the parallel recycltng sys-
tem yieldC'd sensitivies higher than the cyclone recycling 
system. Funher investiptions were re5lricted to the parallel 
req'cling system. 
~ I 
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Sample I'reparacion and Rt'all~nh 
('l'rtlfled American ( 'hl'mit'al Sonl't)' and, WI'fl' dlstllle,1111 
non-hOiling lIuartl or "TtT stills and ,Iollltt'd With Barn· 
stead nano-plIfc dlstllkd, dC-Hili Ill'll watl'r . Powdrrt'd 
samples Wl'rC dissolved in '('H'W·top I~. ~ or 2 ,'01 I 
perfluoroalkmy (l'FA) n'sin jal'i (Savllln) u'lOg III- and 
IfNO,11 SilICon was n'mov,'" as SiFt hy tl>(ct' rep,'alt',1 
evaporations with :-! mol lim I "NO,. Th,' \ampll"s wen' 
diluted by ma,s to a fmal ,'onrenlratinn of approxlmah'lv 
0 .2 mol dm - I HNO, m 125 cm I poly"thylenc IlI'lIle~ 
(Nalgene) or In spray "hamber\ for small samples 
Standard and spIke solutIons for eafh dement were 
prepared hy dissol 'ving ultra-pure metals (AMES 1.alll'ra-
tory, Ame~, IA . USA) or pla\ma-gradc powder, (Sl'rX 
Industrtes, Meluchen, NJ. tlSA) usong IINO, and ",,1111("<1. 
dc-toni/ed waler . A O . f)5~ ~l)lutlon of th,' surfactilnt,lnlo" 
X- IOO. In water wa~ u~",1 in .. II c~lInllllcn!\ All \lllutIOIl\ 
wrre preparl'd and dispensed by mass . 
Sampl. Chanaina I'roc.clure 
While Isuyama ('/ ul.' used a \top valve on Ihe luhlng wh"'h 
led to the 1(,1' IOrch for sample: c.changl'. II was "h\Crvcd III 
our laborato~ that thC' argon bad pressure of the plasma 
gas is suflkicnt to Rush th~ spray chamber, and further, thaI 
the: torch will not be extingulshcd when the nehuli/er Ion(' II) 
the torch IS oPl'ncd to the atmo,phcrr . If the spray chamber 
is slowly attached, argon from the loreh Will flu\h air from 
the spray chamber. and the need for a valve, wh,t'h mU'ltI 
to some extent as an ohslructlon and, hence. 11\ a causc of 
memory. is rt::moved . 
Samples wl're changed, without t'xttnlul,hlOlthc pluma. 
using thl' followinl procedure . (I) The r.f power trip Wa\ 
di~hled . (II) Thl' capIllary tubIng wu wtthdrawn from thr 
solution . After Ihl' wlution remalOinl in the tubing wa\ 
:ompletely asplraled , the nl'buh/l'r ps was turnl'd off fill) 
The spray chamber was removrd. (Iv) I.lquld whlth 
remained on the ,""de surface of the chamber holder . Ihl.' 
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.;1(. J I WI) fl" )('hng IIl'hullt"t",n \)\I~nl\ (.11 'pa,,,lkl' alhl (1'1 ·l · ~llonl··. n>l\""t of a hol,kr. ~()n«'ntrrl' nthulrll'r. 1'1TE "~Jl"bry tuh,ng 
til l ,amillt' lec )'(: llng. a d"J1o\ahlL- 'l'n'~ lop 'pra~ chamh ... 'r and a p~ I' l' \ In.'n'port IUhl' 
rtchuilln and thl' Iranspon tulx' was removed with 3 
KlfllWIPl' Itsslle paper. (,.) The inSide surfaces ofthl' holder , 
lIl'huI IIl'r and transport tulll' were rimed using O.:! 
mol Llm ' tlNO, from a wash hOllle. (1'/) As In Mep (II') 
"dhl' rlng 1i1lUid was removed . (I'll) A new spray chamber 
wnt;lIning 109 of I mol dm -, HNO, wash solut ion was 
\Iowly allached. ( 1'111) The nebulilcr gas flow rate was slowly 
Innl'ascd to appro~imatcly I dm' min-I, while maintaining 
Ihl' rf rdkcll'd powcr <II ' 50 W . The capillary tulling was 
Ihl'n ,n,,'rtl'" 10(0 Ihe solulton . (IX) The wash solution was 
lll'huit/l'Ll for I min 10 order 10 wash the nebuliler anLl 
c3p1llar)' lublOg. (\) Stl' PS (II), (III) , (II'), I") and (I'll wcrl' 
rrpt';tll'd . (H) A new spray chamher. containing the ne~1 
\ample, was allachcd as in sleps (I'll ) and (1'111) . (x/i) Thl: rJ. 
pnWt'r tnp was enabled . Total timl' per tuhl: was appro~i ­
matdy 15 min , IIlduding wash and sample changing. 
n.'a Acqui~ilion .nd Calibration 
Mass sel('<'lIon and Interferences art' as descnbed by Jenner 
,'{ dl'l Th,' s,'nsltlvltlCS of all hut two of thl' analyle 
l'kmt'nts wae mcasured in one oflhe IWO eXlernal siandard 
snlllllons (S rnA or ST!)A. Table:!1. The senslllvlli,'s of Nh 
;111.1 ra w,'''' .tl''''rnllnt''! hy ,urrogall' ralrhrallOn hCCIII'" of 
putt'ntlal solullon instability and nll'mory etlectsll Tht' 
,,'nsitIVII\' ratios used wert' "Nb: ,oZr ~ 1.504 and IIITa: 
"'111' 4KI II The t'k-nwnts (je , In, Rt' and Hi (Tahk ~) 
"t'II' uSt'd as Intnnal standards. " wl'ighetl ahqunl of 
al'pf'(l\imalt'I\' ~O mg of splkt' was addl'd 10 l'aeh ~ g of 
\,llutll1n . In onkr to rl'duc~ thl' amount llf liquid adhl'rlng 
In thl' Inside slIrfaees of Ihe system. I drop of Triton X- I 00 
surfadant solulilln was addt'd .' For samples that wen' low 
III rh, ()n~ g of a .l I/F. g" SOIUllllO of Th was adtit'Ll III 
nlllnitor o\ide formation, pn'eludlng thl' dt."tl' rmination of 
rh In thesc sam piC's . S3mples were run in Ihe follOWing 
""lu('nt'C: and calibration hlank (0 .1 mol dm -, HNO,). 
SlIl:\, flush (I mol dm - J H"-IO.l, S TDO. flush, and 
,'ahhrntilll1 hlank, s.,mplc I. flush , . . . sample 4, flush . acid 
"alibr;"lon blank . STOA, ('(c. o\flt'r Ihr dala werr colleetl'd . 
Ihr hackground was calculated as the mean of six dell'rmi-
nallons of the aeid blank . The 010s1 sigmficanl interferenccs 
In thr suite of rlemer.ts delt'rminrd in this study arr Ihost." 
Ill' 83 a'ld tht' lighl rare t'anh c1C'mcnt (REE) o,ides on the 
hea\'y REE, Hf and TI.ll.1l For cal'h sample, all oXldt' 
IIIh .. rfcrt"ncc fact on wcrt" nomlaltlt'd to the measured 
!liThO· :luTh· rJtloll Alirr corrt'ction ,'or instrumrnt 
.Inn and matri, dTcC'ts, sam pit sollltlOn concrntrations 
----- _. 
Tablr 2 Eknll'nts and l'onrenlrallons for STD·\. STDII and an 
Inl,'rnal . tandald 
Inll' rnal 
siandard! 
["'menl STD.-\Ing g-' STDB/ng g-' ng g - . 
(j~ -IllllH) 
Rh 157'1 1'18 .7 
S. 6589 
Y 104 ~ 
Zr 2U5 .5 
In .''1)0 
('s II ~ . ~ 99 .5 
H;I 9939 
La 1107 
C,' 88 .'1 107 .4 
1'1' I06 . ~ 
Nt! ~O,U 
Sm 194.' 
Eu ~O6 . 6 
(;d 1'17'1 
Til 94 .5 
D, ~no 
lill 105.5 
r:r 1'16 .8 
Tm 'J~ 'I 
Yh 10'1.'1 
Lu 10K.) 




Th 8'1 .0 107.7 
(I '1.\ 5 
Wl're calculated by c\lernal calibralion u~ing th'~ mean 
srnsilivity of the two closest calibralion standards. Solid 
sampk concentrations were thl'n ca1culaled from thl: 
sample and solution masses. 
Results and Discussion 
Compari50n Betwftn th~ RrcydinR N~bulization Spray 
Chamber and Ih~ Scott Spray Chamber Systtm 
In order to compare the sensilivit)· of the recycling nebuhler 
spray chamber syslcm with that of thr SC'01t syslrnl undrr 
similar ClrcumMancrs, the Scott spray chamber was 
mounted outside Ihr match 1>0l and connected to tht' ICP 
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Nebulizer gas now rate/dm J min' 
Fig, 2 Sens'll\'lly as a funclion of nehuhler gas How ra l,' I'ur " 
solulion conl31mog 100 ng go, of: A, Y: R, Tn!: and C. Il, 'uITh,' 

















L-______ ~ ________ ~ ____ __ 
o sao 1000 '500 
Time/s 
Fill, 3 Mass of ~ml'le Solulion ""'.1/1.\ total nChuhtal'o" 11I.ll' 
TOlal "chuli13l1on IImc is laken as Ihe lime whrn Iht rounl ral,· 
rcaches a m3"",U"' , as oils' "l'd ,n F'!l. 4 . lls,ng .. \ , Ih,' M,'lnh ,,,,! 
SIl, ~(),CI nchuhln, 0, 5 ~ 0 .;olullun ,s ,ullin"nl for X "lin of "a.a 
acquisilion ldead 'olu",c = 0.': 5 g), wh,'" 1\ , • h,' I'R , I(J,C I Ill'hu, 
h,er prO"lIks 5.4 nHO of dala arqu"",,,n (dead \\.IUIlII' II ':'1 gl. 
dl'ad \'olume IS .ndicaled hy Ihl" arrow 
lorch using approx.malely 0.75 m of Ii Illlll I.d. Tygon 
lublng. Th.s allowed the acquISItion of comparabk dala lor 
both systems wilhout eXlinguishing the plasma or realign, 
ing of the lorch, SolUlions containing 100 ng g-' of Y. Till 
and 01 well' nebulizcd using ncbulilrr gas no .... ratc~ lIr 
0.7-1.3 dill' min-' for both syslems. Dala were coliccll'd 
allernat"'cl) using Ihe Iwo system~ 10 correct for ,"slru, 
menl drift. The analytical sensillvity of Ihe recycling 
nebullzalion s),slem is similar to thaI oblained w.th tht: 
Scott spray chamber system in Ihis configurallOn (F.g, 2). 
Minimum Sample SoilltiOft Required for Dat, A('qui~ition 
The aim of Ihis sludy was Ihe reduclion of ~olul\On 
consumplion. 10 allow the delermlll3110n of small amounls 
IH nmn~nlr;"l\ms 1'1' anahl,· '" 1!t""I"!!,,",, I ""'II" I;,ls . ;'\J"I,· 
Ihal '" all w\lr~ r,·ptlf1,'d 111 Ih.s 'I Ill" . all \"IUII,1I1' ' .... 1<. 
prl'l'ar,'d and ,llsp,'nsl'd hv I1IJS" ;.n,1 h,' I1l',' ;If,' 1,'1'''''11'.1 III 
llIass II nits. Thl' LIS,' Ill' ilia" I ;llll<'1 I h,ln "'hill 1<' ,111\\,\\ 
.,,'<'luall' 11I".,\Ufl·1111' nls h' hI' n",dl' qllld.h ,,, ,', a 1.11 I~" 
tI~n;11ll1l' r;tI1~", Ihus Ih,' ·,·oh.IlI,·" r<'l'IIIll'" IIllhl\ ,,'d""l 
art' 1l11';\SUr,·tI '" Itrams of ~,)llIlI"n In ,\1111." ""II., .1 
slandard .-,IIl'-I·nlrtl: nt'hullll'r (1\.I<'Il1h;\l,II\1",I<'1 I K · 11' ,1 ' 11 
",Ih 1''1'1'1' .-ap.llar.- luhlll!! I,ll ".II1PI.- ,,·,',.-III1f: \~~ .-111 
kllglh, 0 ,) I11Il1 I.d I was us,·t! ;1I1L1 lh,' dn,1 ,\.llIllI,· was 
found to hI' tl . ~'l g (I "g, ,I) . lls.l1!! Ih" l'\mti!!III.IIH.n, 0 'i!! "f 
S"llIllIlIl was ,"ni""'nl for 'i . ~ 11\111 lIf ,1"la ,11'1)111\'111'" III 
"nkr III 1'l',lu<'l' furthn Ih,' n1l11111111111 ",llIlIll· . . , . 'III all 
hor,··. SH- .IO-t 'I ~h',"hanl 'll'hu I II,'" ";I' u",d , '\llh \111;.11," 
ul . (0 ,3 nlln) PUT cap.llary luh.llg , A ' II{' 1l,'huh"'1 has a 
glass solullOn '"I'ul lulw .... h'l'h.s" 111m " .d . "llh al1 ... 1 ,.1' ,' 
111m ... \n 'sir n,'huilln .s "Intl"'al '\lH •.• ' Il{' 11I·h"II"·I. 
':'I'\'pl for a smalkr s(llul",n IIlpUI lui", . wllld, h;" ;In , ... 1 
01'1 111111 an,1 ;\II ul, of I \11m 1'1.,' 'Sir 11,'111111,,'1 '\;1' 
l'l,nlll' l'\l'" III 11ll' luh.n!! USlI1~ a 1 ...... · w.1\ \ ' ,1IIIll'\'\II1 (11m 
IIdil. .,\llal1ll<' Ikal'h , NY, lIS.-\) . I h .. ,,· mo,I1h.-alloll' 
,"'dun'd Ihl' dead ,olUlIll' f .... m 0 ,"1 h' II ~ '\ ~~ and 1Il,,,·a, .. " 
Ihl' l11aXlIllUI1l <lal .. ;1l''I11I"II0I1 lilli" f,u ., () ~ 1'-,.111'1'1.- room 
).4 10 8 mill . 
In onkr 10 <l1'll'rmiI11' Ihl' portlOlI 111'11,,' ,kad ""h 111 II' 
conlained In Ih,' n,'huh,,'r alld c'llIlIal\ IIIhllll' .. \\;111" w,,' 
IIl'hulill'tI fllr ~ min and 1111' ,It'hullll'f and "aI'IIlal \ I\Ihml~ 
Wl'fl' we.ghl',l . nlt'11 Ih,' nl'lml",· .. al1<11'''I"lIal\ IUhl1'l~ Wi'll' 
dri"d In an on'n at t>() "(' till I h allli 11"'11 d,,' 111.1\\,', 
recorded , l)f 11ll' lolal (L" g d,'a,1 '\lIUIII,·, " 011 I', wa' 
,'onlainell,n I Ill' nchulill'r a,"I.-al',II ;1I v l"hlll~ . "I"k 0 17 ~ 
was in Ihe spray ch"mh\'[ , h"ldl'l a!IIIIr;"'~I'oll lulll' 
Drift and Miltrix UTt'1'1s 
Dnt't ami matflx l' Ikel\ cannol I ... ,,·p;II;\I .. d .-111'111111111'111 ' 
rally anti 111 Ih.~ ,Iudy hOlh all' ... u In t .. d 1I\1111~ Il1h'1I1al 
standard\. In any ICI',MS run Ihl'll' " "Hill' ""ft 'II 
s,'nsillvily. In addlt.on. Whl'lI ;lIl;IIY'l'~ a'" .-afllt'd out U'·II1I\ 
.1 rC\' yl'iil1~ ndluillalllln ~y\I'·I1l . 1111''''' " a 1'.""llIal "11111 h , 
Illenl of ~'Impll·s w.th 1I1l1l' unl,l 1111' "1'1"'1 .\ nol 1'''lItIIlU ' 
ou\ly mll1H'fScd III \Ollltlflil (hI/.. 4) . I hIS ,'1111.-1'111<'1111\111,,· 
to l·vapor .. tlon .. nd " .1 \lltlllhraill , ' ;\1,\,' of "1'.11;.1 
change , ,·0.1 Malnx eOi.·I'I .. aI,,, l'aU\!' \lltllal "lIh<lIl('('\11I'nl "I 
,kpressllIn 111 samllk ,oIUIII)I1' 11,1,,1,,·,· I" .-,,111"0111011 
slandard\. Malrlx eITects an' mass ,t.-pl'ndl'lIl , w,lh th .... ,,111 
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II 
.'11,4 'il&nal ,,'fllI' I,m~ for , ' aIUlU> m.l'''·' "I "'"'I,k ,,,lulIo. · " 
Il I . 8 0,5. C, 1l.1. and D . I) 'I R I al h ,,,hll,n. ,0,'1311\ • o",a,",r1 
11l0"1 I " ofC'\. FnUnwl"R lhe m;I\,mUI1I .-nllnl nlr , 'hr \.P.,..II\ 
nol 1'0""nllou\l)" lmmrr\ed .n 'hr ,nlu'"," • aU'"'K .he \harp 
decrn~ '" "lInol, .nd ga\ huhhtr, arr J)(' f/'Ht" all, a\p"alr'! 
l'ausIn"hr lar,c 'pILr\ '" Ihe ,"I,'n\lI y ,Iala 
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IIbl.} ( 'onl rIlIlJIIIJn' ~I'g II ' I ohUlnn ' on Ihl\ INork Irec y<' Io"1! nebuhlt'r), by Ihe melhod of !.ong.,n ch "/01. ," and IHeralurc "~Iues for 
&cllloKol.1 rdernu ,' "'~I"JI." \ y . ~ h( 11.,1 ~nd W,I . U)J h for \ohds rakulaled for >ampi<'\ p,,'pJr,'d uSIng () 5 g of \olod p<'r kg of~lulion 
J( ' ''-MS slandard 
J(n \. 1Hlr nt"tlld l /rf a,ldolH,n5 p",,,<dure 
I.IIl'raluH' \ alu,' 
\~ 2 III H · I W, I SY -2 8CH-1 ---- ----, . .. 
I kJllt'nl In I ) til !I III 2 i (n ~) 11/ 5, S\'·2· !\( 'H-I t \\. -I t Solod LOO 
IHo nf, ~ 'I I 1'1 '} 221 47 nil ,n 2 21 4 0 ,0211 
\1 lXfo I ~~ 1~8 27~ HI( no .no 180 1).0b 
Y 12K l\ \ 211 f, I!II 11 1 2 ~ 
.'" 
21> 0 .009 
10 ]1)(1 I'I~ ~(J '/ 294 186 JOb I 'Ill '19 0 .06 
Nh H. 11 : ~\IJ HI> D .H JO 14 99 00007 
( \ 70 II '17 (J X') 2 ~'1 U.1I7 "! . 7 II. 'It. 0 . 'i6 0 015 
Ba 4~1 10H~ 155 45'} bYb 445 I>KI Ib2 I) 19 
La n !t. I II. I 711 7 25 .11 67 24 . 9 
" 
0 .008 
(I' li.X 14 ') 21 4 I to 7 55 2 IS~ 5 I . 7 1.1. :\ 0. 015 
I', 20 II i, x! 2. '11 20. J b .'15 14 .1 1.0 Ii 3. 2 0 .008 
Nt! 7/. 1 2X 1 IH 77 . 7 2'1 I 717 2X H 14 .6 U.OI J 
\no II Ii I, q .l . l l I I} ) b .65 15 .7 to 51/ .1.6H 1I .01b 
lu 2 40 I \ ~ 2 I ( )t, 2 55 I. '1H 2. 5 I 95 1. 12 1) .016 
(id I J \ J 0'1 .1 fl'l 17'1 7.45 16K 1.6X .t .1I I U.016 
110 2 X') I 112 II \~ 2. '17 I. (J 5 .1.1 1.0; 0 . 1>3 O.OOH 
1» "/ '} 1,1'/ 1 II' 20 5 /, . 41 21 . 1 to . . '4 1 .. ''1 0.019 
110 4 '>/ I 24 o 74 4 67 , 2K 5. I I ~lo o X I 0.007 
II 
" 
I \ \ \ 1 12 15 . J 1.6H 15 . ~ J . /:oJ ~1 (U115 
1111 ! .t I fI ~II () .12 2 . 51 0. 5 .\ ~ . .t O'll () .14 0.009 
rio 17 . .' 1 11\ I 'I~ IlU .1.'<1 I K. I , 3!l ~ . 0 _1 \lU05 
III :! I~ I 11 50) () 11 ~ . <1<1 o 51 2. ~ ())J o 317 0. 009 
III lUll ~ 9t) 2 .\~ I; 6'1 S.OO 8 .4 4 . <15 ~ . 5 U.OIO 
IJ I 77 II II 1 (154 I. K~ () 77 I . t,' (I X, 048 0.0011 
I'h Xl . 2U bH 95 . 5 14 . () 96 11 t. 7 5 0.08 
I h l'i2 II 20 1.11 385 5.9.t .189 S. 'III ~ . 4 0.05 
II 215 I "} I II hi 29K I. 74 2'17 1. 75 0 . 57 O()()4 
'H:"j I'> 
t({d II. 
. ._----"----" ._ ---------_ .. _---- -'_._._ --------_._--, .. _ - - --
l'klll"llt~ mOIl' ~1l\l1Ihl';lI1tl) afli:l'Ied by thl' matrix than the 
h,';!" dl'ml'IlIS" ·o' In 1111\ Slu(I\ , till' dflfl-ll1aln~ ('orre(-
111111'. W"ll' lIIadl' u~lng a l1Ias~ IIlterpolatloll of the (orrel'-
tll'lI lill'lm ,ktl'rnllnel! fcom ttl" mtl'nSll ll'S of Ihc mternal 
\t;tndalds «(il' , In , Re and BI) III th"l'alioralion standaros 
anti \3111plo Not" Ih,1I a .. hort dwl'll lIme of SO illS 's uSl'd 
" 'lIh ,I I,Jlal dala ;IH.jUISIl'OIl 1I111t' of 10 s, Ihus Ihe data for 
carh d,'menl in an analYSIS all' J\erag,'d over the entire 
dala al'lluisitltll1 Ilml'. 
1\ Irmor) Url'ch 
Sl~n;tl ,'nlunl','ll1l'nl ran abc) bl' rausl'J hI' Ihl' previous 
\ ;1111,,1,' fl'mallllllg In the' tuhlilg. lll'buhl"1', spra) chamher 
OIntl IMdl 01 ,kpo\Il,'t1 ell th,' J( ' !,-MS sampll'f and 
\~ll1IlI1n IlIlerface "",n 0' .-\ 1Il;IJlH dillirull\' III 1he U5e of 
po"rI) tI""I!IIl't! \1".1\ dl;ll11ht'f~ I~ memoi'\ t'lkl'tl'aused by 
1Il;ltI,'qIlJll' wa~hm~ of Ihl' prl'\' IOU~ sample from tht' 
dl;lllIlrn, III pal'! ow lilt: It) POtlr ga5 !low dynamIC'>. Systems 
such;rs thll\(' uSl'd mthlS study. whICh usc rcplan'able spral' 
dl;lIl1hns and malluOII w,l~hll1g. reduce spray rhamb,:r 
1lI,' lI)llI'Y dl't'l'ts to '1\;'lgllllil';llIt In cis . 
l.imil' of n .. h',-lion 
I'h,' hllllis of del,','I,on (LODs) arc a mea~ureofinstrument 
~rtirnnancr , dl'!in..-d hl'rc as thn:e times the siandard 
dC\lalion of Ihe dltrl'rcnce between Iht l'Ount rate of a 
sam 1'1" and 11 rl'phl'ate delcrnllnations of Ih~ counl rate of 
the r;lhbralion tll.mk. l'hl' LOn is calculated as 
l.l(1\''if;'-I-+11T. "'hl'fl' (115 npressed In concentration unils. 
Sohd II )()s. lor a 100 mg sample dissol\'rd in 200 g of 
s.,llullun (tl.) kg of sohd p,'r kg of solullon), and With 6 
detl'lnlln;lllllllS of th,' l'illibratlon blank (11-0), are gi,'en in 
Table 3. For samples prepared at lower concentrations, the 
sohd LO[)s Increase prollOrtlonally. 
Prfc:ision and Aceurar~' 
Elemental abundances for threl' geological reference ma-
terials, SY-2 (Canada Centre for Energy and Mineral 
Technology (CANMETl, BCR-I and \\' - 1 [Uniled Slates 
Geological Survey (USS(j)) arc presented in Table 3 and 
Figs . 5-7: values shown werc oblained using Ihe recyc:;ng 
nebulizer syslem, a modl/il'd standard addillons procedure 
uSing conventional nebulization and Scott spray cham0<:r. 
and from Ihe literalure. Relative slandard deviations 
(RSDs) for most l'lL'mcnts arc IL'ss Ihan 5% (Figs. 5-7). 
Accuracy, cakulatl'd as Ihe rclatl\'C' difTeren(e belween thiS 
wor!.; and lilnaturl' ,;rlUl'S, is gi\cn in Fig. 7 . The rclat"'c 
difkn:nee for most Of thl' clements is less than 15% and is 
less than 10% for more abundant clemen IS. 
Geologil'1I1 Applications 
Trac(' c/('I//('III allalp('s (I(mb-milligrom samplcs 
In geological studies, there arc growing requirements to 
analyse \lery small samples. I n order 10 demonstrate the 
"'"pability of a recycling nebulizer system, small samples of 
the reference material BR [Centre de Recherch~ Petrogra-
phiques et Geochimiqr.es (CRPG)J were prepared for 
analYSIS. Sample masse' varying from 0.0 I to I mg were 
dissolved in Iriplicate ir, screw-top PFA jars (Savillrx) using 
HF and HNO). Earh sample was diluted to a final mass on 
g in .. disposable ~pra\' chamber. Results of these analyst's 
are presented in TahlC's 4, 5 and 6. Accuracy for samples 
larga th.m 0.1 mg arl' shown in Fig 8. The agreement is 
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.... bl~. ('oncrnl<allOnl dCIL' rnllned "' Ih" "'ur~ lug ~ " JII,I IIl<,<,llun' \alu,', I'llI' Ih,' tt,'"h'gIl'aI "'fn<'n\'<' 1ll " h·I1"I . III{ ''''''': \JIl'''I\ 
ma,,~~ uf umple 
l onrl"nlratlt.l(1!J1 lt it I 
I(~I m~ o ~I) mg I ) ~o my. " III III~ 
Elemenl (II .11 (II .\1 (II \, Itl I) 
Rb 47. K 411 3 4" 4' ~ 
Sr 14~') loll2 I I~K I 1411 
Y ~7 H ~7 K " 
-' 2' ~ 
Zr 176 271 ~H ~o'l 
Nb 115 105 KO -t K'I h 
('~ 11 . 7'1 0 .'11 o ?'I n. 'Ie 
8a 106K I 115 IIIbK 11171 
La 111.0 K2 7 NO 'I HI 0 
Cc 152 I :'-' 1;0 ISo 
Pr 17 . I 17 4 17 .0 17. , 
Nd IJU b5 .U b-' 7 tiS 7 
Sm II . 'I II 'I II II I! . h 
Eu u,o ~ 07 .165 .\ 0'1 
(id 10.2 100 W . ol f()'i 
Tb I. ~b I. 31 I .11 I. 12 
Dy 6. IH b . 24 b . . 1!! t. . h~ 
Hn 1()4 107 1.1)7 I Ie 
Er ~ )) :! . 5~ ~ . 51 .\ 114 
Tm 0 .30 0 . 35 0 . 31 () 4.1 
Yb I. 67 I 6'1 1. 70 1.70 
Lu 0.23 () ~'1 o 2) o c7 
lif 5 . 6~ 5 50 S . .1 I 5.0'1 
Ta 4 . 30 4 . 71 4. 50 4 '>2 
Pb 5. 74 7 !II 116 1! .4 
Th 9.75 '1 .44 7'16 US 
lJ 2.40 2 . 17 1.91 2. OJ 
"Rer. 16. 
. -----------_ ... 
._----_. 
' ... 10· 
"0 
~ 
iO 1 ... 10) 
E (; 
c 
!! 0 0 , 
~ '. A .-._. 
'" c \ /.-............. 
0 
.c; • B 
u 
c. 81 l. p, Sm Gd Dv Ho T m lu U HI r. 
Rb Sr C. Nd Eu Tb Y Er Vb In Z, Nb 
Elemenl 
Fill. 5 Mean chondntf·normahud dala lor gl.'uioglCJi reference 
male rials for: .-\, S\··2 ( t, Ihls "ork (II ~ I) . o . ref. 151. 8 . 8C'1{ · 1 
( •. Ih iswork(II;2): (\. rd. IbJ . 3ndC\\,·1 ( CI. lh" " url(1I 2). 
)( . rer. 16). Solulions "rn' prepared using 100 mg dl~~olwd In 200 
g of ~olullon 
good, e~cept for Ho, for whIch Ihe lit~rature \'alues arc 
su\pect because Ho is difficult 10 determlnc accuratel\' 
using neutron activation o· ISOtopC dilullon mcthod·s.'l The 
anomaly in the chondrite-normalized diagram for Ho (Fig. 
8) funhcr suggests that the literature \ alue is 11\ error. For 
the 0 .01 mg sample, there is also a signiticant disagreement 
for Ce, which strongly suggests sample heterogeneity. ThiS 
heterogeneity mighl be due to the diflerential partitioning 
of ee l + and Ce4+ into different minerals rclalive to the 
other lanthanide 3 + ions, in the sample . There is also a 
significant error for Lu. whose value IS near Ihe LOD. For 
comparison LODs are presented In Fig . 9 for vanous 
sample masses. 
1tkllll~ 
0(11 1lI~ tdaluh:,1 h I 
(II \) (11.11 nlg In ,'11 
H 1 .p I 
1070 I \t,~ 
21> Ii ~'1 I 
1-lJ ~llli 
I II> I 17 
~ lIl> o 'I, 
Kb? 10'/, 
hli 7 Ii!! 4 
.1 .11> 11>1 
I S II 17 I 
57 (, !:abO 
II Ii Ie .. 
4 O! I" 
I ~ .: Ii S I 
I 44 I liS 
S 61> I> II! 
IIIX 111'1 
.\ . os C 11K 
II 41> 011 
I 71 () 12 
o 70 01'/ 
li,1I 7 1'1 
I n. II 4 h·1 
b7 . 7 ~ fl.' 
7 '14 Il) \ 
I o~ () 
SI.lIhl.ud 
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. • Ii 
A 
Rb '( Nb 811 Ce ~~m ud 0.., f , "(tJ ut l h 
Sf 1f C, l .. Nil Lu th Uq I", 1 1# I. tJ 
f If~fTlI ~ nf 
FiI(. 6 Prt'l'Iwm Ohl;II Il1' " III Ih .. aIlJI"I\ ,,'" lit I< I ;r,,,11I W I 
u\lng Ih .. rt'qdlng lI ['huh/l'f \)\1<'111 
Relative standard deViation, 'or 1<'I'II(al<'\ (1/ 11 ,,' 
samples weighing more than f) 10 Ill." all' 11'\\ Ih;1II if)'\'., '-"1 
most clemenl~ (Fig. 10) '1 Ill' H~I h '01 \;(mpk, wl'ly,hln~ 
(J.(ll mg arc fnor, 10 10 faO% (h~ II) . \"I·J· .... llnt· Ihal III<' 
large Sf) of the dal;1 for the \lIlalk'l ,ample 1\ dill' ,,, \alllpll' 
heterogeneIty. In order to demon\lJ;!ll' thaI Ihl' ;",,,I)lIlal 
error of the pro(l'dure 'or Ihl\ \lJ<" .. I ,ample 1\ al\" 
generally less Ihan 10%, a lOt) mg ,ampil' wa' IIrep;lfcd and 
dIluted to contalll the saml' amount of \ample a\ the f} 01 
mg sample preparations. The rewll (If the\c analy\c\ . whICh 
measure analyllcal rcproduCloll1l y. 1\ \h"wn IfI hg II . 
where the RSDs arc typ/cally le\~ than HJ% '1 hl'\(" rc\ull\ 
(Fig. II) show that the higher error 'or Ihe dcl.-rnllnallon (If 
most clements in a 001 mg sample ('an ,mit-cd he a,trlhutrd 
to sampling heterogeneity . 
Jt)(JI<N ... L 01· .... N ... l.yW ... 1. ATOMIC S"E(Tk~)METRY. SEPTEMBER 1991. VOL. 7 911 
·I.bl~ ~ 1<<'1 ... " ,. \w"I.,,1 lin '."',n, ('\00) '0' "'ologlCal (('fe'en,'e \Iandard. HI< , u"ng \~n"u, ma\\c, of \amp'" 
It'll) (%1 
IIHI m~ ,lIlul,'U 
I I~I'"K /I )1) mg (J .20 m~ 0. 10 mil II. I! I mg 10 11 .11/ mg Inc! 
f klnl' 1I1 III 3) In .11 (n 31 (1/ • J) (II 1 ) (1/ - 41 
1<" 1.5 I 7 ! . 1 ~ ~I ! . I 
Sr ! I /)'1 2 '1 4 411 II lK 
Y 2 I 1.1 2.H 7 34 J 
I, 2 .. OH 2. H (, 34 1.6 
Nh 
" 
b 17 15 7'1 ~.4 
(\ ! 7 14 IS II 51 5~ 
tla 1 2 , 4 5 1.2 46 I.! 
I.a .. I J :2 b 57 2, I 
C" 4 2 19 44 2,4 
1', 1 2 7 01.1 O , ~ 
Nd 4 :2 4 5 45 2.4 
Sill , 4 4 II 3M 4 
I U 4 5 1 /) 40 7 
(i,1 I ~ fJ fJ 14 .1~ 2) 
III I 4 4 4 
" 
H 1.1 
D) I H 1. 7 4 H 44 b 
lin I 1 :2 II 2.K N J/) II 
I r 4 1. 3 1.5 22 3H 2~ 
/111 1,4 1'1 II J7 3 I 37 
Yh 4 5 'I IJ 41 2,16 
I u 4 2(J 12 20 110 ~) 
IJf 2.1 2 . 2 . 4 5 16 26 
1 d JO 11 56 25 43 4 
I'b I J 14 12 40 28 114 
Ih 4 4 8 4 61 53 
11 9 6 2.5 38 3M 22 
... . . _ __ _ _ w · ___ ~_. ·· _ _ _ _ • .,' _ _ _ _ _ ., ___ 
"'bl~6 I<cla'l\(' dlflcrcnn' (%) l'llmpared "'·I.h "teraturt' valut\ for geologIcal «'ference matenal . UR, fur \'3nous mas~s of ~mplc 
Rdalivt' difference (~) 
-- - _ .._ - -_ .. _-
lJemenl 1.00 mg 0 .50 ms 0.20 mg 
Rh I ~ ! Ii .. 2.0 
Sf H 7 0,6 
\' . 7 - 7 - 9 
I. 10 8 U 
Nil 17 7 18 
(\ 21 9 -21 
Ha I 7 6 1.7 
I a 04 C. II 1.3 
t'~ O.H 1.2 -0, 5 
Nd o 4 0 .05 .- 19 
Sill (IS .. 0 .6 ··14 
I'u ~ b - () 7 . I . J 
tid M II 10 
I'll O~ ~ ~ 
III o c! o 7 .1 
II" 4~~ 4.17 4J} 
I., ) 0 ; 
Yh I ~ · 11 ·· S 
I.u b 14 Oil 
11/ .. 2'1 1.7 
I .. .\I 24 - 26 
I'h !M - , 46 







J)('fc'ml/lIUI/Vn 0/111.' RJ:'f al ullra-Iran' cUlln'IurallU1I /('1'1'11 
afi.'r 1''''('o"n'I/I"IIII11/ 
l'here.- are ~mpll"s in which Ihr REE concrnlralions arr 
below the l.ODs (O.U 1- 0.1 ~g g - I) oblainrd using whok 
rod. pnx'rdurrs" In which sampirs are prepared al 0.5 g of 
rod prr kg of solullon (0, I g pt'r 200 g of solulion). A 
procrdure.-. such as ion e~chang(', which incrrases Ihe 
nlOcentr3110n of Ihe REI: whilr mainlatning Ihe 10lal 
d15501\'rd solids al less than O.11Ib is re.-qu.rrd. Thr ell.pt'n-
.------ -.. -
-----
010 mg 0.01 mg 100 mg (d.luted) 
1.9 - 6 0 . 7 
I. 5 - 19 J 
- 8 -II -) 
II 39 15 
9 18 19 
- II 106 - 24 
2.0 -18 4 
- 0.5 -16 8 
3 122 6 
1.1 -II 1.5 
5 - I. 9 4 
O . O~ 9 -0. 7 
14 2'1 .- 10 
11 15 . 13 
_. '1 
- 3 
-1M 43M .. 45 
27 27 - 14 
- 7 - 7 
-·83 
8 181 - 22 
b 54 33 
· 27 74 ··25 
54 746 20 
-·2K 
- 28 -5 
- 19 - )4 
- 119 
menial d.flkullies of dissolving and carrying out ion-
e~change separations on large sample masses are eliminaled 
when the re.-cycling nebulization syslem IS uSt'd for the final 
inslrumental measuremenlS. 
In Ihis study. thr rrcycling nebulizalion syslem was used 
10 analysr refrrence.- malerial PCC·I (USGS) afler precon· 
cenlrating the REE from a 100 mg sample using calion 
cx,'hange, Samples were dissolved as previously described 
and separation of the REE was achieved using 10 em) of 
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Rb Y Nb 8. Ce Sm Gd Oy Er Vb HI Tn 
Sr Zr C. La Nd Eu Tb Ho Tm Lu Ta U 
Elemenr 
FiR,7 AC('urar} npr~~,ed a, rclJt"~ difference ber,"cl'lI rl',ull. 
obtained on this v.ork . u""g the " ',,)dlng ncbull/allon ""<'Ill . and 
literature value'> for -\ . IWK-I til ~ ! : fl. W-I (" 2'. a~d C Sy-~ 
{I/~ I, 
1000 ,----------
RbS, Y Zr HtC.SILaC.PrNdSmEuGdTbOyHoErTmYbLu 
Element 
.' ill. 8 Mean chondrrtc-lIormahwl dala for the geological refer-
enc~ material. DH. for diffc:rent malleI ofsampk : • . 1.00 mg level 
(11=3),0 , 0.10 mg level (II ~ J): 6.0.01 mg !en'l (1/= 3). and x. 
data from ref. 16. The IIlerature value for Ho , IndlCaled by an 












:.:; 0 .01 
0001 ~ 
Rb Sr Y Zr HI C. S. L. C,'r NdSmEuGd TbOy HO E, TmYb lu 
Element 
FIII_ 9 Solid LODs for sample multS of: .0\. I: B. O. s: C. 0 2: D. 
0.1: and E, O.Ot m, dlSsoh'ed In 2 I of soIullon 
. .. 
f 11!IHt'ut 
"'il(. 10 l{,'ldIIH' \t.llhLlld ,,.,:\ ,,&lIIHl tlU dln~'II' 1i1 m.l"'·' , . ~ .ill' 
gl"II"~I,alll'kll·n,·\· 111,11,'/1 .11. 11K \. I 110 . 11 . 11 "' . ( . !l .' . I). (I ill. 






Rb S, Y b Cs tid l A C. ' p, Ntt Sill IIJ (ill 111 11~ Ho f I 'It I VII 
t It:Hm~111 
"'ia. II I<l"lata\.'l' 'land~lnl t.il"\ 1J.llOll II H all,llt \1\ tlf III., )In,lut(Il..11 
fcfl"rrnn" mall'rlal. UK Rc.'\ull\ aft' gl\t"n leu '\ , 11,.. ;lIl.Il)',,, ttl It"~I" 
~ep~rat(' (hg~'"l1m 01 I) til 1111: III ~ r ... 1 ",lUi ""I ;lIId II . Iltl' ;lIlal\ '" 
I'I' 4, or a ~llIglc 011\<,,110" til 11111 III~ """tnl h, Ih,' 'alii,' 

























. . U 001 
C8 P, NcJ ~m •• J {Jd Tt, 0,; UtJ fIrm Vti IIJ 
f h!lYlHnt 
.'ia. Il (u, (oJllI'nll .. II0l1\ /prlll' and (/.) "",an I hun'trllo' 
normahlt'(j d~la fur thl' rrf'c.'.l' r1U.' matl'lIll!. P( ( I In A . Ihl'. .... IJI~ 
4alld H. n:f I fJ 'Ill\' J( I I. In I 00 f1I~ ... ~tlnl)lt'\ '."l'U' \t.p ... ;Ih'd U\lng 
Ion .. change and taken tn a !lnal ,IIlulll,n nt;l\\ ,,\ ! I! 
calion-cxchange res," In a quartl clllumn . Major eknlt'n" 
were eluled U\tng 60 ml of a I I 1 m,,1 dm I IINO, - I) (, 1 
mol dm -) Hel \OlulHJtl . The HE!. were ('ollt-ned U\lflg!') 
ml of an II mol dm-' IINO,. The \OlulHIII (onl;Jlmng th(" 
KEE was evaporated to drync\\ . Ihe rC\ldue dl\,olved In 
IiNO. and the rc,uitlng .. uiullon dlluled tf) a hnal Ria" of ~ 
II uSing 0 .2 mol dm -, IINI ',. Hewll\ for Ihe delCrlUinallOn 
. . 
IOIJI<NAI. (II' ANALYTICAl. ATOMIC SPECTROMETRY, SEI'Tf.MBER 1'1')2 , VOL 7 913 
'.hl,7 I;" ( ... "I"~ Il JI"u"cy , ... krcnu: !WImple l·ce·1 (n~ 21 
l{ C( ydong LII.:rahHl" Retail , . ~ 
nl'hlJlJfl'f/ \alu l' · ; U II>I It.,!) llllle"'nL'~ 
1 kll"'1l1 Jig g I Ilg g /If'. g . ( " '11' /I.!'(JI 
( " IlIW, III 1,0001> I> ,\1 I', fJ IMIX I 1/ Il 11 () l)f I/J I ) 'I ~8 
Nil fJ 1J.12 111142 o OOOH ;, 24 
Sm IIIHJH2 (J(JOM II O()(J 7 II> 25 
leu Il IJlJlh ()(J(/I X /I OOOH U Iii 
( ill (J1J(/76 0014 /) O()O7 10 45 
I h () 0111 1 OJ/OI5 (111000'1 K II 
1» tl.1/<Nh (UJI /I (M/O) H 4 
flo I) (J1J2H (J.()025 fl OOOl2 II 1.1 
Er (J.OII (W12 " 11006 2 II 
rm o (WI!] ()()()27 1100014 H II> 
Yh (Jon 0 .024 IJ. UOO5 7 10 
Lu () (KJ46 (J . OIJ 57 I WOO4 -I 1'1 
Y OI)~IJ 01 I I I)()() I I I> 211 
'Rd II. 
- -,----_ .. _--,_ . -- - _ .. . _--,-- "- ,. 
- .. _-_ ... - •.. _-- _ ._ - -----, 
1~ 
o~ 10 
o -.- j.- _ ....1..- _____ --L..... _ _ .J. - """"""'- --.J. _ ___ .L _~.__=_'_.L.~...J 
C" p, "'Ii Sm (u Gd Tn Dv Ho Er Tm Vb lu 
Elemenl 
I'i". 1.1 ~ 1' '''IIH' 'Ianllard devlallon for an;II)>ls (11 '- 2) of Ihe 
1I"nloglral I('fncnrr mal~nal. I'C(,·1. "lilowing ion'Clchange .-on· 













._-- -- - ------------, 
01 
OOI'~~~~~,~~~~~~~LW~~~~~~~~L...J 
Ct> Pr Nd S", fu Gel Tb o~ Ho [ , Tm ",' b Lu 
Element 
H". I~ 1111111\ of ll~l~l'lllln Ill< a solid sample mass of 100 mg 
I.Il,'n Ill" linal \Ilium,,, of ~ g. An Rtf: Ilm-e'fha'IB" s~pa,allon 
Jllu,',' dull' IS 1"I..·,~ulrcd 
llf 14 REf ar." prrs."nlcd in T1bk 7 and Fig, 12. The 
agrl'l"11l~nl bI,"I"·."rn Ih,'St" dala and hteralure values for most 
dl."ml."l1ls . r\l'l"pl (od . IS good . Thr anomaly for Gd III Ihe 
,'honllnll"·normahzrd diagram indicatl"s that the literature 
\31u,' IS SUSI"'(1. LIn1Jts of d."t(,Clion for solids arc 0.01-1 
"g g - I (Fig. 1.1) and RSDs ar." kss than 15~ (Fig. I.n 
(" onclusions 
:\ rl'cyl'iing n~buli':" : .)n system with a disposable spray 
(hamher IS Jl'11I0m!ratcJ for I('I'-MS. The system de-
SCribed op.'rated sul't'l"ssfully for H min of data acquisillon 
time using 0 .5 COl! of sample solutIOn . The memory of 
precedmg sampl~s wa~ redun:d to insignilkantlevels by Ihe 
usc of a removable. disposable spray chamber with manual 
washing. Thl." perform:lI1cc of the system. in terms of 
prl"nsion. accuracy and sensitivlly. IS similar 10 Ihat of Ihe 
convenlional SWII spray chamher system using 10 cm! 
sample \'olumes. Quantification of trace-clement concen" 
trallons in sub·milligram amounts of geological samples 
and the dl."termination of REE at ultra-Iran' concentralion 
kvds in geologil'al matl."rtals after preconcenlralion using 
cation exchange is demonstrated. 
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